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SUMMARY 
 
I 
Summary 
 
Gastrulation leads to the formation of the embryonic germ layers, ectoderm, mesoderm 
and endoderm, and is the first key morphogenetic process that occurs in development. 
Gastrulation provides a unique developmental assay system in which to study cellular 
movements and rearrangements in vivo.  
 
The different cell movements occurring during gastrulation take place in a highly 
coordinated spatial and temporal manner, indicating that they must be controlled by a 
complex interplay of morphogenetic and inductive events. Generally, cell movement 
constitutes a highly integrated program of different cellular behaviors including sensing, 
polarization, cytoskeletal reorganization, and changes in adhesion and cell shape. During 
migration, these different behaviors require a continuous regulation and feedback control 
to direct and coordinate them. 
 
In this work, we analyze the cellular and molecular mechanisms underlying the different 
types of cell behaviors during gastrulation in zebrafish. Specifically, we focus on the role 
of the adhesive and mechanical properties of germ layer progenitors in the regulation of 
gastrulation movements. In the first part of the project, we investigated the role of the 
adhesive and mechanical properties of the different germ layer progenitor cell types for 
germ layer separation and stratification. In the second part of this study, we applied the 
same methodology to determine the function of germ layer progenitor cell adhesion in 
collective cell migration. 
   
Tissue organization is thought to depend on the adhesive and mechanical properties of 
the constituent cells. However, it has been difficult to determine the precise contribution 
of these different properties due to the lack of tools to measure them. Here we use atomic 
force microscopy (AFM) to quantify the adhesive and mechanical properties of the 
different germ layer progenitor cell types. Applying this methodology, we demonstrate 
that mesoderm and endoderm progenitors are more adhesive than ectoderm cells and that 
E-cadherin is the main adhesion molecule regulating this differential adhesion. In 
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contrast, ectoderm progenitors exhibit a higher actomyosin-dependent cell cortex tension 
than mesoderm and endoderm progenitors. Combining these data with tissue self-
assembly in vitro and in vivo, we provide evidence that the combinatorial activities of cell 
adhesion and cell cortex tension direct germ layer separation and stratification. 
 
It has been hypothesized that the directionality of cell movement during collective 
migration results from a collective property. Using a single cell transplantation assay, we 
show that individual progenitor cells are capable of normal directed migration when 
moving as single cells, but require cell-cell adhesion to participate in coordinated and 
directed migration when moving collectively.  
 
These findings contribute to the understanding of the gastrulation process. Cell-cell 
adhesion is required for collective germ layer progenitor cell migration, and cell cortex 
tension is critical for germ layer separation and stratification. However, many questions 
still have to be solved. Future studies will have to explore the interaction between the 
adhesive and mechanical progenitor cell properties, as well as the role of these properties 
for cell protrusion formation, cell polarization, interaction with extracellular matrix, and 
their regulation by different signaling pathways.  
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Introduction 
 
Zebrafish 
 
1.1  Model organism 
 
A model organism is a species that is extensively studied to understand particular 
biological phenomena, with the expectation that discoveries made in the organism model 
will provide insight into the workings of other organisms (Fields and Johnston, 2005). In 
particular, model organisms are widely used to explore potential causes and treatments 
for human disease when human experimentation would be unfeasible or unethical. This 
strategy is made possible by the common descent of all living organisms, and the 
conservation of metabolic and developmental pathways and genetic material over the 
course of evolution. 
 
1.2 Danio rerio (zebrafish): Model system for development 
and genetics 
 
 
 
The fish is named for the five uniform, pigmented, horizontal blue stripes on the side of 
the body, all of which extend to the end of the caudal fin. Males are torpedo shaped and 
have gold stripes between the blue stripes; females have a larger, whitish belly and have 
silver stripes instead of gold. The zebrafish grows to 6.4 centimeters. Most zebrafish in 
captivity live for 2–3 years, although in ideal conditions, they may live up to 5 years. The 
Kingdom:  Animalia  
   
Phylum:  Chordata 
Class:   Actinopterygii 
Order:   Cypriniformes 
Family:  Cyprinidae 
Genus:  Danio 
Species:  D. rerio (Hamilton-Buchanan, 
1822) 
 
INTRODUCTION 
 
 
2 
fish are sexually mature after three months of development. Furthermore, following a 
particular light-dark cycle, adult female fish generate large, synchronized clutches of 
eggs. 
Zebrafish are a common and useful model organism for studies of vertebrate 
development and gene function (Mayden et al., 2007). Pioneering work of George 
Streisinger at the University of Oregon established the zebrafish as a model organism; its 
importance was consolidated by large scale forward genetic screens (commonly referred 
to as the Tübingen/Boston screens) (Driever et al., 1996; Haffter et al., 1996). An online 
database of zebrafish genetic, genomic, and developmental information, the Zebrafish 
Information Network (ZFIN), has been established (Streisinger et al., 1981) (Westerfield, 
2000).  
Zebrafish offers many advantages over other model systems such as optical clarity and 
external development in a vertebrate embryo amenable to large-scale screening, including 
genetic and small molecule drug screens. Zebrafish embryonic development provides 
advantages over other vertebrate model organisms. Although the overall generation time 
of zebrafish is comparable to that of mice, zebrafish embryos develop rapidly, 
progressing from eggs to larvae in under three days. The embryos are large, robust, and 
transparent and develop externally to the mother, characteristics which all facilitate 
experimental manipulation such as microinjection, cell transplantations and observation 
(Dahm and Geisler, 2006). Their nearly constant size during early development facilitates 
simple staining techniques, and drugs may be administered by adding directly to the tank. 
Unfertilized eggs can be made to divide, and the two-celled embryo fused into a single 
cell, creating a fully homozygous embryo. 
The fish embryos develop organs that are similar to those in humans, such as central 
nervous system, pancreas, and thymus and quickly form blood vessels and beating hearts. 
It is known that mechanisms of embryonic tissue or organ development are similar or 
identical to the regeneration process in adults. 
 
Zebrafish have the ability to regenerate fins, skin (Lee et al., 2009; Shao et al., 2009), the 
heart (Ausoni and Sartore, 2009), and the brain (in larval stages) (Zupanc, 2008). 
Zebrafish have also been found to regenerate photoreceptors and retinal neurons 
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following injury (Calinescu et al., 2009). This research is leading the scientific 
community in the understanding of healing/repair mechanisms in vertebrates. In addition, 
zebrafish are closer to humans evolutionarily than yeast or insects or worms and 
experiments are faster and less costly than those using mice. And, as a curiosity, 
zebrafish is one of the few species of fish to have been flown into space. 
In summary, Zebrafish offer a powerful combination of embryological, genetics and cell 
biological approaches, rapid in vivo analysis and complex vertebrate biology, making this 
fish a perfect model system. 
 
Embryological Development 
 
1.3 Zebrafish gastrulation 
 
The basic vertebrate body plan with a clear anterior-posterior and dorsal-ventral axes of 
the zebrafish embryo is established in the first 10 hours of development. To generate this 
body plan, the embryo undergoes rapid developmental and morphogenetic changes. A 
well description of the process was done by Kimmel by using the optical transparency of 
the embryo. The following brief description of zebrafish development is derived 
predominantly from (Kimmel et al., 1995).  
 
The teleost egg is telolecithal; i.e., a mound of cytoplasm (the blastodisc) sits on the large 
mass of yolk and undergoes incomplete (meroblastic) cleavage (Fig.1.1.A). The embryo 
proper is derived from the blastodisc, and the remainder of the zygote becomes the yolk 
sac, which is later digested (Kane and Kimmel, 1993). After cleavage, the embryo enters 
the blastula stage as the blastodisc forms a sphere of cells sitting on top of the yolk 
(Fig.1.1.B). The blastomeres at the margin of the blastoderm have a unique fate. They lie 
against the yolk and remain cytoplasmically connected to it throughout cleavage. During 
the blastula stage, these cells release their cytoplasm and nuclei together into the 
immediately adjoining cytoplasm of the yolk cell, producing the yolk syncytial layer 
(YSL) which is form as the result of a complete fusion of the marginal layer of 
blastomeres to the yolk cell (Kimmel and Law, 1985) and plays an important role in 
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specifying cell fate in the overlying blastomeres (Koos and Ho, 1998). Beginning in the 
late blastula stage, the YSL and the blastodisc spread over the yolk cell in a process 
known as epiboly (Fig.1.1.C,D). Eventually, at the end of gastrulation, the yolk cell is 
completely surrounded by the spreading YSL and blastodisc. The blastodisc becomes 
considerably thinner during this process. By asymmetric cell divisions of outermost 
blastomeres give rise to the enveloping layer (EVL) which is composed by a single sheet 
of epithelial cells at the surface of the blastoderm that will eventually cover the entire 
embryo (Kane et al., 1992; Kimmel et al., 1995) serving as a protective outer surface, and 
likely anchors to the yolk cell, as has been described in the teleost Fundulus (Betchaku 
and Trinkaus, 1978; Koppen et al., 2006) (Fig.1.3.B). 
 
The onset of gastrulation occurs at 50% epiboly (Fig.1.1.C). At this time, a thickened 
marginal region termed the germ ring appears around the blastoderm rim. The germ ring 
is formed by a folding of the blastoderm back upon itself (involution). This movement 
will lead to the formation of the primary germ layers. The upper layer (the epiblast) 
continues to feed cells into the lower (the hypoblast) throughout gastrulation. The cells 
remaining in the epiblast when gastrulation ends correspond to the ectoderm and will 
give rise to such tissues as epidermis, the central nervous system, neural crest, and 
sensory placodes. The hypoblast gives rise to both the mesoderm and endoderm producer 
of e.g. heart, body musculature, blood, pronephros, liver, intestine or stomach. 
 
A marked streaming of cells toward the presumptive dorsal side of the germ ring in both 
the epiblast and the hypoblast produces the embryonic shield (Saude et al., 2000b) 
(Fig.1.1.C). A narrowing and elongation of the primary embryonic axis occurs as the 
shield extends toward the animal pole. The dorsal epiblast begins to thicken rather 
abruptly anteriorly and at the midline near the end of gastrulation, producing the first 
indication of development of the rudiment of the central nervous system: the neural plate 
(Fig.1.1.D). Below this is the axial hypoblast, flanked by the paraxial hypoblast. In the 
trunk region, these will form the notochord and somites (precursors of the body 
musculature), respectively. 
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After epiboly, the somites and neural tube develop (Fig.1.1.E,F), the rudiments of the 
primary organs become visible, the tail bud becomes more prominent and the embryo 
elongates. After one day post-fertilization, the first cells differentiate morphologically, 
the pharyngula stage starts, and the first body movements appear (Fig.1.1.G). During this 
period the embryo undergoes organogenesis, the organ rudiments become visible, and the 
tail bud extends away from the yolk cell to generate the embryonic tail. Between 2 and 3 
days post-fertilization (dpf), the larva hatches from the chorion, and begins to swim and 
eat at 5 dpf, when morphogenesis is more than complete (Fig.1.1.H,I) (See movie 1). 
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Figure 1.1. Zebrafish embryogenesis.  
 
Living zebrafish embryos are shown at the indicated stages. The stages, and their names, are based on 
morphological features, generally readily identified by examination of the live embryo with the dissecting 
stereomicroscope and developmental age at 28°C. The percentage of epiboly described the degree of 
coverage of the yolk cell by the blastoderm. Approximate developmental ages in hour post-fertilization. 
The embryos are illustrated in lateral views with animal pole (or anterior in 1 somite stage) to the top, 
dorsal to the right. From 19 somites stage, anterior is to the left and dorsal to the top. (Haffter et al., 1996). 
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1.3.1 Cell movements during zebrafish gastrulation  
 
Gastrulation is the first stage in vertebrate development when different progenitor types 
sort-out and assemble into distinct germ layers, ectoderm, mesoderm and endoderm 
(Montero and Heisenberg, 2004). During this period series of coordinated morphogenetic 
and inductive events leads to the correct spatial positioning of the three germ layers along 
the body axis and their patterning by localized and often reciprocal inductions (Kane and 
Warga, 2004; Kimmel et al., 1990). After cleavage period, the principal gastrulation 
movements begin: epiboly, internalization, and convergence and extension (CE). These 
movements are conserved between frogs, fish and some others vertebrates (Schoenwolf 
and Smith, 2000).  During epiboly, as was said above, the blastoderm thins and spreads to 
completely cover the yolk cell at the end of gastrulation. After blastoderm margin has 
reached the equator of the embryo (50% epiboly) (Fig.1.2.A), the first marginal 
blastodermal cells start to undergo internalization movement. This movement folds the 
blastoderm into two cellular layers, epiblast and hypoblast. Internalizing cells eventually 
form endoderm and mesoderm depending on the time of their internalization and their 
localization. The epiblast will form ectodermal and neuro-ectodermal tissues. 
 
Cell intercalations along the medio lateral axis of the gastrula mediate convergence and 
extension movements within the epiblast and hypoblast. By this rearrangement, cells 
move towards the dorsal side of the gastrula and, at the same time are dispersed along the 
anterior-posterior axis of the embryo, eventually leading to the formation of the 
embryonic body axis at the end of gastrulation (Fig.1.2.B). 
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These different cell movements take place in a highly coordinated spatial and temporal 
manner and require a variety of cellular behaviors, such as directed cell migration, 
intercalation and cell shape changes, indicating that they must be controlled by a complex 
interplay of morphogenetic and inductive events (Fig.1.2.C). 
In this study we will focus our attention to the understanding of the establishment of the 
three layers during the gastrulation movements and the investigation of the cell biological 
mechanisms behind it, in order to clarify this impressive behavior of the cells. 
 
1.3.2  Establishment of germ layers: internalization     
movements 
 
Internalization marks the onset of gastrulation, characterized by a transient pause in 
epiboly movements and a concomitant thickening of the marginal blastoderm rim, which 
is called the germ ring (Kimmel and Law, 1985; Warga and Kimmel, 1990) (Fig.1.3.A). 
At the germ ring, deep cells in marginal regions first move towards the yolk cell, then 
sharply change direction and move towards both the overlying cell layer and the animal 
Figure 1.2. Cell movements during gastrulation.  
 
Lateral view of embryos during gastrulation. (A) Shield stage embryo (6hpf) at the onset of gastrulation. 
(B) Tailbud stage embryo (9.5 hpf; end of gastrulation) has distinct anterior-posterior and dorso-ventral 
axe, with head and tail rudiments clearly visible. (C) Embryo during segmentation period (16 hpf) 
continues to narrow and elongate. Dorsal (D) is to the right; ventral (V) to the left; animal pole (AP) on 
the top; and vegetal pole (VG) at the bottom. Epiboly (red arrows) spreads and thins the blastoderm 
vegetally until it covers the yolk. Internalization (green arrows) forms the germ layers, the outer ectoderm 
and the inner mesendoderm. Convergence (blue arrows) narrows the tissue medio-laterally, while 
extension (yellow arrow) lengthens the embryonic axis. Adapted from (Myers et al., 2002a). 
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pole. This leads, as it was described above, to the formation of the epiblast and the 
hypoblast (Warga and Kimmel, 1990). The epiblast is a multilayer of cells of nearly 
uniform thickness, but eventually form single-cell layered pseudo-stratified epithelium 
(Papan and Campos-Ortega, 1999). The hypoblast is located between the epiblast and the 
YSL. Epiblast and hypoblast cells move in different directions (Fig.1.3.B), with early 
internalizing hypoblast cells migrating towards the animal pole and epiblast cells 
undergoing epiboly movements. Hypoblast cells internalizing at later stages of 
gastrulation do not move towards the animal pole, but instead, move together with the 
overlying epiblast towards the vegetal pole. When gastrulation ends, epiblast cells 
correspond to the ectoderm, and early internalizing hypoblast cells will form anterior 
mesendodermal tissues, while the later internalizing cells will become posterior 
mesendoderm (D'Amico and Cooper, 1997; Kane and Adams, 2002). 
 
As a consequence of the inward movement of prospective mesendodermal cells, a fissure 
forms between the hypoblast and the epiblast. Hypoblast and epiblast cells do not usually 
cross this border, although hypoblast cells, when transplanted into epiblast, can re-enter 
the hypoblast by crossing the fissure without impediment (Ho and Kimmel, 1993) What 
does make the epiblast and hypoblast cells different from each other? What prevents 
these two populations from mixing? A possibility is that epiblast and hypoblast cells 
acquired different cohesive properties, in support to this notion it has been shown that at 
the onset of gastrulation, epiblast and hypoblast cells exhibit differential expression of 
Cadherin proteins (Montero and Heisenberg, 2004) (Fig.1.3.B). 
 
In the prospective dorsal region of the embryo, blastodermal cells accumulated locally 
along the germ ring and form the so-called embryonic shield (Fig.1.3.A). This shield is the 
zebrafish equivalent of the amphibian Spemann organizer region (Saude et al., 2000a; 
Shih and Fraser, 1996). Cells internalizing at the shield form axial mesendodermal tissues 
such as the prechordal plate and notochord. Prospective prechordal plate cells are tightly 
clustered together and move as a coherent sheet of cells, while internalizing notochordal 
progenitors are less tightly associated (D'Amico and Cooper, 1997; Kane and Adams, 
2002). 
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1.3.3  Establishment of germ layers: convergence and 
extension movements (CE) 
 
Much of the knowledge about CE comes from studies of the tissue explants from the frog 
Xenopus laevis (Keller et al., 2000). CE refers to the overall process of medio-lateral 
narrowing and anterior-posterior elongation of embryonic tissues, thereby defining the 
dorso-ventral and rostro-caudal embryonic axes (Fig.1.4.A). During zebrafish gastrulation, 
both epiblast and hypoblast cells converge towards the dorsal side of the embryo where 
they accumulate and form the embryonic shield and axis and a consequently depletion of 
cells at the ventral side of the gastrula occurs. Epiblast cells move within a tightly packet 
sheet of pseudo-epithelial cells toward the dorsal side while hypoblast cells initially 
elongate medio-laterally as a loosely associated mesenchymal cells and acquire bipolar 
protrusive activity (Myers et al., 2002a) (Fig.1.4.B). 
Lineage tracing studies (Kimmel et al., 1994; Warga and Kimmel, 1990) and quantitative 
analyses of cell population movements (Myers et al., 2002b; Sepich et al., 2000) in 
zebrafish  have allowed to establish a model for teleost gastrulation whereby the majority 
Figure 1.3. Gastrulation movements: Internalization. 
 
Internalization of mesendodermal progenitor cells at early stages of gastrulation. (A) Shield stage embryo 
with dorsal to the right; ventral to the left; animal pole on the top; and vegetal pole at the bottom. (B) 
Detail diagram of the shield, mesendodermal cells internalize to form the hypoblast and above is the layer 
of non-involuting ectodermal progenitors; both directions of movements are indicted with black arrows.  
Adapted from (Montero and Heisenberg, 2004). 
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of the cells first converge dorsally by directed migration, then intercalate to extend the 
axis. 
 
 
 
 
 
 
 
 
 
Consistent with studies in Fundulus (Trinkaus et al., 1992) first, the most-ventral 
mesodermal cells do not converge but rather spread over the yolk, later migrating into the 
tail bud region without extension (Fig.1.5.A). Second, in the lateral mesodermal domain 
the cells converge and extend with increasing speed as the cell groups move dorsally and, 
even more, as observed in Fundulus gastrula (Trinkaus et al., 1992) zebrafish lateral 
mesodermal cells initially show amoeboid morphology and take indirect, dorsal-oriented 
zigzagging paths, achieving a slow net dorsal speed (Fig.1.5.B). As these cells move 
dorsally, their trajectories become more direct and, consequently, net dorsal speed 
increases (Myers et al., 2002a) (Fig.1.5.C). The progressive establishment of the directed 
movement of the cells and the increasing convergence speed of lateral cells is reminiscent 
of chemotactic movements of Dictyostelium cells and leukocytes on substratum, the 
trajectories of which become more directed as cells migrate up a chemo-attractant 
gradient (Chung et al., 2001). The identity of such a ‘dorsal convergence signal’ is 
unknown. And, thirdly within the dorsal domain labeled cell populations exhibit strong 
extension and moderate convergence (Myers et al., 2002a) (Fig.1.5.D). 
Figure 1.4. Gastrulation movements: Convergence and extension. 
 
(A) Convergence and extension movements of mesendodermal cells during gastrulation at tail bud stage 
with dorsal to the right; ventral to the left; animal pole on the top; and vegetal pole at the bottom. (B) 
Detail diagram showing medio-lateral cell intercalation leading to a thinning of the forming body axis. 
Adapted from (Montero and Heisenberg, 2004). 
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Interestingly, accompanying the movement of hypoblast cells that have internalized, 
converged and extended, the internal YSL nuclei also move towards the animal pole 
(D'Amico and Cooper, 2001; Kane and Adams, 2002). This movement seems to be 
controlled by mesendoderm progenitors by modulating cortical flow within the YSL; 
evidences are provided by Carvalho et al., 2009 who demonstrated that the coordination 
between mesendoderm and YSL convergence movements depends on E-cadherin 
expression, suggesting that adhesive contact between mesendoderm and YSL in involved 
(Fig.1.6). 
 
Figure 1.5. Lateral and dorsal mesendoderm convergence and extension movements (C&E). 
 
Lateral view of a shield stage embryo (6 hpf) at the onset of gastrulation. (A) More ventral cells within the 
no convergence no extension zone (NCEZ, red) travel along zig-zagging paths towards the tail bud. (B) 
Lateral cells undergoing slow C&E. (C) Lateral cells engaged in a fast C&E move along relatively 
straight trajectories. (D) The paths on dorsal cells are oriented dorsally and biased towards anterior or 
posterior, depending on the position of the cell along the animal-vegetal axis. Dorsal (D) is to the right; 
ventral (V) to the left; animal pole (AP) to the top; and vegetal pole (VP) to the bottom. Scale bar = 100 
µm. Adapted from (Myers et al., 2002a). 
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1.4 Signaling pathways 
 
A fate map demarcating the position of precursors for different tissues and organs is 
apparent at the onset of gastrulation (6 hpf) (Fig.1.7.A), although different progenitor 
territories are not sharply demarcated and progenitors are intermingled (Kimmel et al., 
1990). In zebrafish embryo, precursors of the ectoderm derive from the animal pole 
region (Fig.1.7.B), while precursors of the endoderm and mesoderm originate from 
partially overlapping territories near the equatorial region, or margin, of the embryo 
(Fig.1.7.C). (Warga and Nusslein-Volhard, 1999). The endoderm progenitors arise from 
the first four rows of marginal cells, while mesodermal precursors arise from the entire 
marginal region (Kikuchi et al., 2004). Fate-mapping experiments have shown that when 
single cells located near the margin are labeled at the late gastrula stage, their progeny 
frequently populate both germ layer cells (Warga and Nusslein-Volhard, 1999). 
Therefore, in the most vegetal rows of cells, mesodermal and endodermal fates are 
intermingled and both germ layers share common mesendodermal precursors. 
 
The complexity and interactions of the mechanisms that allow segregation and 
establishment of these germ layers (Fig.1.8) are poorly understood. For this reason, 
accumulating knowledge about the signaling pathways and another properties of the cells 
that interact to regulate the establishment of the three germ layers is crucial. 
 
Figure 1.6. Convergence movements of the YSL nuclei 
(iYSN). 
 
iYSN trajectories in wild type embryos at the two somites stage 
in dorsal view. The nuclei converge from lateral and paraxial 
regions towards the dorsal side of the embryo, and undergo 
longitudinal movements along the antero-posterior axis of the 
gastrula. The white line marks the dorsal midline of the 
embryo. Animal pole is toward the top. Scale bar = 50µm. 
Adapted from (Carvalho et al., 2009). 
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1.4.1  Wnt planar cell polarity signaling pathway 
 
The Wnt glycoproteins family is one of the most significant groups of secreted 
extracellular signaling molecules involved in a variety of inductive and morphogenetic 
events during development (Miller, 2002) (Fig.1.9). Wnt ligands bind to 7-pass 
transmembrane receptor Frizzel (Fz) to activate the intracellular signaling mediator 
Dishevelled (Dsh) and stabilizing cytoplasmic β-catenin. β-catenin is thought to 
translocate into the nucleus where it regulates the transcription of target genes, but also to 
bind to α-catenin/E-cadherin complex at the plasma membrane, thereby mediating cell 
Figure 1.8. General diagram of pathways 
interactions during zebrafish gastrulation. 
 
The genetic hierarchy that regulates cell fates 
and convergence (C) and extension (E) 
movements in zebrafish. NCEZ, no 
convergence, no extension zone. Adapted from 
(Myers et al., 2002a). 
Figure 1.7. Zebrafish fate maps.  
 
(A) Fate map at the onset of gastrulation 
(50% epiboly stage). Germ layers are 
arranged along the animal-vegetal axis; 
different mesodermal and ectodermal fates 
are arranged along the dorsal-ventral axis. 
(B) Fate map of ectoderm at 90% epiboly. 
(C) Model fate map of mesoderm at early 
somite stage. Note that no precise fate map 
has been established at this stage. Lateral 
view, dorsal to the right and animal pole 
and anterior to the top. Adapted from 
(Schier and Talbot, 2005). 
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adhesion (Cadigan and Nusse, 1997; Huelsken and Birchmeier, 2001). In contrast to this 
canonical Wnt signaling pathway, the Wnt proteins involved in controlling CE 
movements in zebrafish and Xenopus embryos signal through a non-canonical pathway 
that also includes Fz and Dsh. But instead of stabilizing β-catenin, it activates small 
GTPases such RhoA and Cdc42, which in turn control cytoskeletal rearrangements and 
cell adhesion (Djiane et al., 2000). 
 
 
 
1.4.2 Nodal signaling pathway 
 
Nodal signaling is essential for the establishment of left-right asymmetry, of dorso-
ventral axis of the central nervous system, and endoderm and ectoderm formation 
(Harland and Gerhart, 1997). Nodal signals are received by EGF-CFC co-receptors and 
type I and II Activin receptors, which function as serine/threonine kinases. Receptor 
activation leads to phosphorylation of the transcription factor Smad2 and Smad3. This 
results in their binding to Smad4, nuclear translocation, and association with additional 
transcription factors such as FoxH1 and Mixer to regulate target genes. Nodal signaling is 
antagonized by feedback inhibitors such as Lefty proteins, which are divergent members 
of the TGFβ family and block EGF-CFC co-receptor (Chen and Schier, 2002) (Fig.1.10). 
Mutant screens in zebrafish have identified several components of the Nodal signaling 
pathway such as the Nodal signals components Squint (Sqt), which is expressed in the 
Figure 1.9. Wtn/PCP signaling pathway. 
 
The ligands, Slb/Wnt11 and Ppt/Wnt5a, signal 
through their potential receptors, Fz7 and Fz2, to the 
intracellular transducer Dsh. Kny/Glypican6 
presumably facilitates Wnt activity extracellularly. 
The PDZ and DEP domains of Dsh are responsible for 
the activation of RhoA, and thereby its effector Rok, 
which directly regulates the actin cytoskeleton. Fz7 
might be involved in the separation of hypoblast from 
epiblast by regulating cell adhesion through a 
Wnt/Ca2+ pathway. Adapted from (Heisenberg and 
Tada, 2002). 
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YSL (Erter et al., 1998; Feldman et al., 1998) and in the 1-3 cell tiers closest to the 
margin (Dougan et al., 2003; Gritsman et al., 1999) and can move away from the source 
and induce mesendodermal gene expression in cells at distance and Cyclops (Cyc) also 
expressed at the margin but not in the YSL, only acts at short range and induces 
mesodermal markers locally (Chen and Schier, 2001); the EGF-CFC co-receptor One-
eyed pinhead (Oep) which acts as an essential cofactor for Nodal proteins to activate 
ser/thr kinase receptors, furthermore Oep might also antagonize BMP activity (Kiecker et 
al., 2000); FoxH1 (schmalspur (sur)) and Mixer (bonnie & clyde (bon)) transcription 
factors that can bind to phosphorylated Smad2, and TARAM-A, a putative Nodal type I 
receptor (Aoki et al., 2002; Schier and Talbot, 2001). 
 
 
 
 
 
1.4.3  BMP and FGF signaling pathways 
  
In addition to Nodal, the FGF and BMP signaling pathways have been shown to play 
crucial roles in formation and patterning of mesoderm and endoderm in vertebrates. FGF 
is required for posterior mesoderm formation through the maintenance of the expression 
Figure 1.10. Nodal signaling 
pathway. 
 
Members of the Nodal family of TGFβ 
signals are essential inducers of 
mesoderm and endoderm in 
vertebrates. Loss and gain of function 
studies indicate that Nodal signals may 
act with EGF-CFC cofactors to 
activate an Activin-like pathway 
involving Smad2 and Fast 
transcription factors. Lefty proteins act 
as feedback inhibitors. Adapted from 
(Schier and Talbot, 2001). 
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of Tbox transcription factors such as No Tail and Tbx-16 (Bottcher and Niehrs, 2005; 
Griffin et al., 1995). FGF is required down stream of Nodal signaling to induce the co-
receptor Oep in cells distant from the source of Nodal, a mechanism that contributes to 
the amplification and propagation of Nodal signals (Mathieu et al., 2004); furthermore, 
FGF signaling is necessary for β-catenin induction of the zebrafish organizer (shield). 
FGF function downstream of squint and bozozok to turn on chorin expression (Maegawa 
et al., 2006). Members of the BMP family of TGF-β signals mediates the dorso-ventral 
axis formation (Sasai et al., 1996), a gradient of Bmp activity is hypothesized to form 
along the axis and specify different cell fates in a concentration-dependent manner. In 
vertebrates this gradient is thought to be generated through the diffusion into lateral and 
ventral regions of dorsally expressed Bmp antagonists (Cho and Blitz, 1998; Poulain et 
al., 2006).  Secreted Bmp ligands bind the extracellular domains of type I and type II 
Bmp receptors, which are transmembrane proteins with intracellular serine/threonine 
kinase domains. The closely related Smad family transcription factors Smad1/5/8 are 
phosphorylated by ligand-bound receptors, allowing these proteins to translocate to the 
nucleus and regulate target gene expression together with the non receptor-regulated 
Smad protein Smad4, another DNA binding cofactors, such as the zinc finger protein 
Oaz. FGF and the Bmp pathways antagonize endoderm formation in response to Nodal 
signals. FGF causes phosphorylation of Casanova which is a key factor at the crossroads 
between signaling pathways and highlight provides a potential molecular mechanism for 
the separation of mesendoderm and endoderm (Poulain et al., 2006) (Fig.1.11). 
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1.5 Cell adhesion molecules 
 
Cell adhesion is thought to play an essential role in the regulation of tissue integrity, 
cellular morphology and cell movements (Gumbiner, 1996). In both zebrafish and 
Xenopus, several adhesion molecules have been shown to be involved in the regulation of 
CE movements and tissue morphogenesis. During gastrulation the progenitor cells of the 
different germ layers acquire specific adhesive properties that contribute to germ layer 
formation and separation (Puech et al., 2005) (Fig.1.12.A). 
 
In  zebrafish, Paraxial Protocadherin (PAPC) is expressed in non-axial mesoderm during 
gastrulation (Kim et al., 1998), and its expression is regulated by the T-box transcription 
factor spadetail (spt) (Yamamoto et al., 1998). There are evidences that indicate that 
PAPC is selectively required for CE of paraxial mesendodermal tissues by controlling 
Figure 1.11. FGF/BMP interaction pathways. 
 
Two version of the pathways (A,B) are consistent with experimental data. In both versions, β-catenin 
induces chd by two separate pathways (solid arrows), one comprising sequential induction os sqt and 
genes for FGF ligands, the second dependent on boz expression and involving FGF signaling in the 
accumulation of boz transcript and in Boz induction of chd. In (A), FGFs induced by Sqt signal to repress 
BMP gene expression, and in (B) the FGFs act more directly on chd activation and BMP gene repression 
is a consequence of Chd expression. In both models, Boz acts to induce signaling by an FGF-dependent 
mechanism ant to repress BMPs in a FGF-independent manner, and β-catenin-induced boz transcript is 
maintained by FGF signaling. Adapted from (Maegawa et al., 2006). 
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mesodermal cell adhesion during gastrulation (Kim et al., 1998). In addition to 
protocadherins, classical cadherins, such as E-, C- and N-cadherin, have been implicated 
in the regulation of cell adhesion during gastrulation. Studies in Xenopus and zebrafish 
have shown that E-cadherin is expressed in both anterior mesendodermal cells and cells 
of the dorsal midline (Fig.1.3.B). It has further been postulated that E-cadherin mediates 
cell adhesion during gastrulation, although the underlying molecular and cellular 
mechanisms through which E-cadherin functions in this process are at present unclear 
(Babb et al., 2001; Levine et al., 1994). Others cadherins, such as C-cadherin in Xenopus   
and N-cadherin in zebrafish, are also expressed during gastrulation, they have been 
reported to mediate CE movements in mesodermal and ectodermal tissues (Lee and 
Gumbiner, 1995; Tepass et al., 2000). However, similar to the situation with 
protocadherins, the signaling mechanisms that control the expression and localization of 
Cadherins remain to be elucidated. 
 
In Xenopus, Integrins and Fibronectin (FN), important regulators of cell-substrate 
interactions (Fig.1.12.B), are required for cell polarization and radial cell intercalation 
movements during early gastrulation. Interestingly, the binding of cells to FN via 
Integrins has been shown to translocate Dsh to the membrane of those cells, pointing to 
an interaction of cell adhesion and the Wnt-signaling pathway during gastrulation 
(Davidson et al., 2002; Marsden and DeSimone, 2001). Although the Integrin-mediated 
binding to FN at local adhesion sites is essential for the establishment of cell-substrate 
contacts in Xenopus, not much is know about the role of Integrins in regulating zebrafish 
gastrulation movements. 
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Morphogenesis: properties and movements 
 
1.6 Cadherin molecules: adhesion, shape, sorting and 
morphogenesis 
 
Cadherins are transmembrane Ca2+-dependent homophilic adhesion molecules containing 
multiple copies of a characteristic repeat domain in the extracellular region (∼110 amino-
acid domains) responsible for the interactions to Ca2+, which is followed by a trans 
membrane anchor and C-terminal intercellular region. The intracellular faces are 
associated with the actin cytoskeleton in adherens junctions or to the intermediate 
filaments system in desmosomes. The homology and number of the ecto-domains 
determine the division of the cadherin super family into subfamilies (Nollet et al., 2000). 
In E-cadherin case, cadherin refers to the classical cadherins, which have five 
extracellular domains followed by a single membrane-spanning anchor and a C-terminal 
intracellular domain. These cadherins have been found in vertebrates as well as 
invertebrates (Cox and Hardin, 2004) and have a fundamental roles in cell recognition 
Figure 1.12. Diagram of  adhesion and substrates interaction molecules in gastrulation. 
 
(A) Cell-cell adhesion molecules. (B) Cell-extracellular matrix adhesion molecules. Adapted from 
(Hammerschmidt and Wedlich, 2008). 
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during embryogenesis as well as in cellular rearrangements, sorting and movements that 
drive morphogenesis (Halbleib and Nelson, 2006) (Fig.1.13). 
 
 
 
 
 
 
 
 
 
 
Cadherins also determine the shape of cells. Adherens junction geometry has an impact 
on cell shape of the epithelial cells in  Drosophila, and geometry is partially controlled by 
a thermodynamic mechanism requiring cadherin expression in the eye (Carthew, 2005) 
(Fig.1.14). Cadherins also regulate adherens junctions geometry if they become non-
uniformly localized to specific sides of the adherens junctions. Changes in actin 
cytoskeletal structure can lead to changes in adherens junction geometry, provided that 
cytoskeleton is physically coupled to the adherens junction. 
Figure 1.13. Cadherins in morphogenesis. 
 
(A) Cadherins mediate Ca2+-dependent cell-cell adhesion. (B) Differential expression of cadherins induces 
sorting out of mixed populations. (C) Cadherin subtype switching occurs during coordinated cell 
movements such as neurulation. (D) Cadherin function in PCP. Ds and Fat interact directly and are 
upstream of Fz, while Fmi functions downstream, leading to additional expression of PCP components 
and asymmetrical location of proteins including Fz, Dsh, Van Gogh and Prickel. Classical cadherins have 
specialized distributions at the AJ (light-blue arrows) of polarized epithelia (E), and at puncta adherens 
(blue arrows) that surround the active zone at the neural synapse (F). (TJ) Tight junction; (AJ) adherens 
junctions. Adapted from (Halbleib and Nelson, 2006).  
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Studies from (Desai et al., 2009) give data about the implication of E-cadherin molecules 
on cell polarity, by using NRK-52E cells they observed that cell-cell contact mediated by 
E-cadherin induced displacement of the nucleus towards the contact, and also caused 
centrosomal orientation and lamellipodial ruffling to the distal side of the nucleus. Upon 
release from micro-patterned constrains, cells exhibited directed migration away from the 
cell-cell contact. Others studies provide evidences that cadherins control the development 
of neural tube in zebrafish. In (Lele et al., 2002) is  shown how N-cadherin may regulate 
cell adhesion and migration in a tissue- and context- specific manner. And  (Redies et al., 
1993; Redies and Takeichi, 1993) demonstrate that N-cadherin expression is relatively 
ubiquitous during early vertebrates development, but later becomes restricted to 
particularly sets of nuclei and neuronal layers within the central nervous system 
(Fig.1.15). 
 
Figure 1.14. Cadherins in adhesion and shape. 
 
Localization of E-cadherin (green) and N-cadherin (red) proteins in a 
single pupal-facet at the level of the Drosophila eye epithelium adherens 
junction. Yellow fluorescence indicates co-localization of both 
cadherins. Note the exclusive distribution of N-cadherin on cone cell 
membranes in juxtaposition with one another. Adapted from (Carthew, 
2005). 
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E-cadherin is well known to drive epiboly and gastrulation of zebrafish embryo (Babb 
and Marrs, 2004) (Fig.1.16). It was observed that maternal E-cadherin regulates cleavage 
orientation, cytoplasmic partitioning in blastomeres, and blastomere compaction. 
Subsequently, embryos injected with E-cadherin morpholino oligonucleotides (MO) were 
able to initiate epiboly but exhibited reduced rates of epiboly and gastrulation 
morphogenetic cell movements and increased frequency of yolk cell lysis and bifurcated 
body axes (Kane and Adams, 2002; Kane et al., 1996) (Fig.1.16.A-D). MO-injected 
embryos which survive 24 hpf displayed failure in prechordal plate derivates 
(Fig.1.16.E,F). These findings indicate that gastrulating cells may use E-cadherin-mediated 
cell-cell contact as a migration substrate and for cell movements that drive convergence 
and extension (Babb and Marrs, 2004). 
 
 
Figure 1.15. Cadherins in apical constriction and 
tissue bending. 
 
(A) Vertebrate neurulation (chick) proceeds by bending of 
the neuro-epithilium (square bracket) and apical constriction 
in defined regions (pink). (B) Schematic representation of 
bending associated with apical constriction of the epithelial 
tissue. Adapted from (Lecuit and Lenne, 2007). 
INTRODUCTION 
 
 
24 
 
 
 
Cadherin molecules are also implicated in cell movements (Gumbiner, 2005), although 
cadherins are often thought to mediate stable cell interactions (desmosomes and adherens 
junctions) they also have dynamic roles in mediating cell rearrangements and cell 
migration. For example, the regulation of C-cadherin-mediated adhesion in response to 
growth factors and fibronectin in gastrulating Xenopus embryos is necessary for the CE 
movements (Zhong et al., 1999), this movements required the continuous breaking and 
reforming of C-cadherin adhesive bonds. Similarly, N-cadherin is known to mediate 
growth cone motility (Matsunaga et al., 1988; Rhee et al., 2002), and even E-cadherin, 
which is usually thought to form stable epithelial junctions, mediates the long range 
migration of border cells in the developing Drosophila melanogaster ovary (Geisbrecht 
and Montell, 2002). 
 
 
 
Figure 1.16. E-cadherin (Cdh1) expression in 
early zebrafish embryos. 
 
Bright-field images of living embryos (A-E) and 
immunofluorescence staining images (B-F) of 
embryos at various stages are shown. (A-B) At 30% 
epiboly, Cdh1 expression was detected strongly in 
all blastomeres and within the yolk near the 
blastoderm margin; arrows indicate Cdh1 
expression associated with vegetal yolk syncytial 
layer nuclei. (C-D) At mid-gastrulation, Cdh1 was 
expressed in all blastomeres but most strongly in the 
enveloping cell layer and in the underline 
mesendodermal cells, arrowheads mark the most 
anterior part of the gastrulating embryo (lateral 
view), Cdh1 accumulates in the forming embryonic 
body axis. (E-F) Segmentation stage embryos, 15.5 
hpf, show Cdh1 expression in the ectoderm (ecto) 
the notochord (nt) and media floor plate (mfp). 
Adapted from (Babb and Marrs, 2004).  
INTRODUCTION 
 
 
25 
1.7 Cell sorting: adhesion and cortical tension 
 
Understanding the factors that direct tissue organization during development is one of the 
most fundamental goals in developmental biology. Cell sorting is the process by which 
cohering, disorganized aggregates of cells establish structured tissues. In many situations 
of cell sorting, the aggregates contain two or more different cell types. Sorting in these 
cases transforms an initially disordered array of cohering cells (Fig.1.17.A) into one in 
which the cells are organized into homogeneous tissue domains (Fig.1.17.B). Cell sorting 
has become an important in vitro model system for the study and interpretation of the 
morphogenetic cell rearrangements of early metazoan development. Consequently, cell 
sorting has been the subject of a great deal of theoretical speculation and a variety of 
hypothesis has been proposed regarding which cellular properties might cause sorting out 
and determine whether a given cell type will sort out internally or externally to another 
(Harris, 1976).  
 
 
 
 
 
 
 
 
 
Figure 1.17. Cadherins in sorting out. 
 
Sorting out of subclones differing only in expression level of a given cadherin. (A) Confocal optical 
section through an aggregate after 4 hours of incubation, showing initial cell mixture. (B) Confocal optical 
section through another aggregate after 24 hours of incubation. The cell line expressing the lower level of 
N-cadherin, labeled red, segregates from and envelops the cell line expressing higher amounts of N-
cadherin. Adapted from (Steinberg, 2007). 
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First described for organ-cultured aggregates of amphibian embryo cells, sorting has been 
demonstrated for mixed populations of cells from a variety of phylogenetic groups 
including invertebrates and vertebrates, in both cell aggregates and in monolayer culture, 
and with cells from embryonic, postnatal, and adult stages of development (Armstrong, 
1989). 
 
Various hypotheses explain cell sorting and tissue organization on the basis of the 
adhesive and mechanical properties of the constituent cells (Tepass et al., 2002) 
(Fig.1.17). One of the most prevalent hypotheses, the Differential Adhesion Hypothesis, 
proposes that differential tissue surface tensions, as a result of disparate adhesiveness of 
the participating cells, cause cell sorting and tissue organization (Steinberg, 2007). This 
means that cells tend to maximize their net area of contact to one another, with the 
minimization of the net area of the cell surface exposed to the surrounding medium 
supposedly being a secondary effect, very much in the same way as the surface tension of 
water is caused by intermolecular attraction forces. But other hypotheses propose active 
cellular contractility, as the case of the Differential Contractility Hypothesis, as a force 
driving the sorting, tissue cells are actively contractile, so perhaps each cell’s surface 
contraction vary according to whether that area is in contact with another cell or with the 
surrounding medium (Armstrong, 1989). Both cell adhesion and contraction have long 
been implicated in germ-layer formation (Brodland, 2002), however, their relative 
contribution to these processes is still a matter of debate. 
 
It has been proposed that the expression of different types of cadherins mediates selective 
cell recognition events that are responsible for the sorting of different groups of cells in 
developing tissues (Gumbiner, 2005) (Takeichi, 1995). Cell sorting seems to be due in 
part to the homophilic binding specificity of the extracellular domain (Nose et al., 1990). 
The level of cadherin expression has also been found to strongly influence cell-sorting 
behavior independently of the type of cadherin expressed (Duguay et al., 2003). 
However, other factors, such as cadherin-mediated signaling events, quantitative 
differences in adhesion, or other cellular consequences of adhesion that are mediated by 
different cadherins (for example, cytoskeletal organization), can determine overall cell-
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sorting behavior. For example, in early Xenopus embryos, the adhesive properties of C-
cadherin are down regulated during gastrulation by Transforming Growth Factor β 
(TGFβ), such as Activin and Nodal and by the binding of Fibronectin to Integrins 
(Marsden and DeSimone, 2003). 
 
Other explanations exist to explain the sorting phenomena. Active pseudopod-generated 
locomotion and associative movement, and chemotactic gradients are another proposal as 
driving forces in these sorting processes (Armstrong, 1989). Even recent studies in 
Xenopus embryos have analyzed the mechanical interaction of two fundamental tissue 
types, mesenchymal cell aggregates (which cells possess distinct apical and baso-lateral 
membrane domains and form stable sheets) and epithelia (which cells behave like drops 
of fluid); they propose that during formation of the embryonic body axis, the epithelial 
layer relieves surface minimizing tensions that would force aggregates into a spherical 
shape, and controls the serial arrangement of cell population along the axis (Ninomiya 
and Winklbauer, 2008). 
 
Other studies (Lecuit and Lenne, 2007) associate this phenomena with surface tension;   
cell shape and the geometry of cell aggregates show striking similarities with fluids and 
soap bubbles. Cells in a tissue are remarkably similar to molecules in a liquid such that, 
to a good approximation, tissues behave like fluids. First, cells tend to aggregate in 
clusters in which the surface area of contact with the surrounding environment is 
minimized. Second, different cell populations can become sorted into two phases like 
immiscible fluids. By analogy to molecular sorting in a liquid, cell sorting requires the 
cohesion and mobility of cells. In the bulk of a tissue, cells are stabilized by cohesive 
forces that are mediated by cell-cell adhesion molecules. Although cells in embryos are 
adhesive, they are capable of rearrangements and can be mobile. However, the binding 
specificity between cadherin molecules is not sufficient to fully account for cell sorting, 
the role of actin dynamics and organization in adhesion has recently been re-emphasized 
(Drees et al., 2005), and is likely to be essential to improve the understanding of cell 
adhesion and, therefore, cell sorting (Krieg et al., 2008). 
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1.8  Cell migration 
 
Cell migration is a fundamental process for unicellular but also multicellular organisms. 
It plays key roles in chemotaxis, development, infection, immunity, tissue repair, tissue 
regeneration and cancer. These movements are diverse, cells can move in clusters, 
strands, sheets, tubes or as individual cells. 
 
1.9  Single cell migration 
 
The migration of single cells has been well studied, predominantly in cell culture (Melani 
et al., 2008). Cells move via the extension and adhesion of a leading edge pointed in the 
direction of migration and the retraction and loss of adhesion of the trailing edge at the 
rear. Here the forces required for the translocation of the cell body are generated at the 
point of contact with the flat substrate provided by the Petri dish (Lecaudey and Gilmour, 
2006). Solitary migratory cells are probing the environment constantly, some generating 
new pseudopods (fronts) regularly to do so (Rorth, 2007). While these studies have been 
crucial in understanding the mechanics of cell motility, it is clear that this controlled 
experimental environment is very different from what cells experience in the three-
dimensional context of living tissues (Lecaudey and Gilmour, 2006). Good examples for 
that are the investigations done by (Palecek et al., 1997) using  single CHO B2 cells 
migrating in substrates, and (Lammermann et al., 2008) who was using single leukocyte 
cell migrating in vivo system. In the first case, by modulating integrin-ligand binding, 
they demonstrated that the optimal migration speed of these cells in the substrate required 
the optimum adhesiveness, which is determined by the proper relation between ligands 
and receptors. In contrast, in the second case, where the cells where migrating within the 
tissue (in a three dimensional system) this migration speed was integrin-independent and 
it was the actin flow the key parameter to explain the mechanism.  
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1.10  Sheet migration 
 
Here, in a tightly adherent sheets of epithelial cells, a large number of cells move as a 
single coherent unit and maintain constant positions throughout (Lecaudey and Gilmour, 
2006). The monolayers are mechanically linked through cell-cell junctions. In this 
multicellular context, cells must coordinate migration with neighboring cells to ensure 
efficient collective movement. To orchestrate this balance, cells employ signaling 
systems that coordinated inputs from receptors, cell-cell interactions, and cell-matrix 
adhesion (Gupton and Waterman-Storer, 2006; Pignatelli, 1998). Coordinated 
movements of cells in two-dimensional sheets are also critical for the development and 
maintenance of organ systems. During embryogenesis layers must migrate and close to 
form precursors for adult organ systems (Chaffer et al., 2007; Rohde and Heisenberg, 
2007). When epithelial sheets in the skin, digestive tract, or blood vessels are damaged, 
surrounding cell layers migrate to fill open space and restore sheet integrity (Heath, 
1996). During cancer development, growing tumors release angiogenic growth factors 
that cause the extension of new blood vessels through endothelial sheet movements 
(Folkman, 2007). Some cancers, such as melanoma, have also been shown to metastasize 
in sheets (Hegerfeldt et al., 2002). An important issue regarding cells moving as a 
cohesive tissue is the extent to which external gradients penetrate multicellular cohorts to 
control migration behavior within. It has become clear that extrinsic cues drive the 
movement of tissues not by acting directly on all members of the group but rather by 
instructing smaller number of peripheral leader cells that in turn are responsible for the 
guidance of native followers. This is suggested by the fact that in many contexts only a 
subset of cells within a tissue display morphological features such as filopodia and 
pseudopodia, characteristic of migratory cells (Lecaudey and Gilmour, 2006). In several 
examples of sheet migration, fibroblast growth factor (FGF) has been shown to play a 
central role, the study done by (Vitorino and Meyer, 2008) proposes that boundary cell 
selectively respond to growth factor to become pioneers, in contrast, neighboring cells 
inside the sheet follow these pioneers through growth factor-independent drag forces that 
orient previously randomly moving cells (Fig.1.18). This follower behavior requires both, 
the cell motility and cell-cell coordination modules. 
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1.11 Cluster migration 
 
During morphogenesis cells do not usually travel alone but rather prefer to undertake 
journeys together, often moving in very large numbers. In some cases cell move as a 
dense streams of freely migrating chemotactic individuals that coalesce at particular 
locations, with each cell apparently being guided by extrinsic cues. However, during 
morphogenesis of many organ systems it is more common to find cells migrating in some 
form of adherent group or as a tissue. This migration comes in many sizes and show 
varying degrees of cohesion and organization; they can be found as clusters of motile 
cells, as exemplified by Drosophila border cells (Rorth, 2002) or the migrating 
primordium of the lateral line in amphibian and fish (Ghysen and Dambly-Chaudiere, 
2004). As we see, cell polarity and directed cell migration are essential components that 
underlie tissue morphogenesis in several developmental processes. Migrating tissues are 
often employed in sculpting complex three-dimensional forms. While their forms and 
functions are diverse, it is clear in all the cases that the migratory behavior of cells must 
be coordinated to ensure proper movement (Lecaudey and Gilmour, 2006). Gastrulation 
is the earliest morphogenetic event involving massive cellular movements of the germ 
Figure 1.18. Sheet migration. 
 
(A) Example of an image depicting pioneer (red) and non-pioneer (green) locations at the sheet margin. 
White cells depict internal sheet cells. Cell boundaries are based on nuclear and F-actin stains. (B) Pioner 
cells are often FGF+ and are rich in actin ruffles. The picture is a detail of the white box in the left panel 
with phalloidin staining shown in red. Lamellipodial ruffling is indicated with white arrows. Adapted 
from (Vitorino and Meyer, 2008). 
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layers. Convergence-extension movements during gastrulation are becoming a very 
important example of collective cell behavior covered by several studies (Keller, 2005; 
Montero and Heisenberg, 2004), these collective behaviors include coordinated migration 
of cells of an integrated cell population, collective changes in cell shape, and coordinated 
cell rearrangements; understanding these cellular movements requires learning how they 
are regulated, and also how local molecular and cellular behaviors are summed to 
produce  the precise gastrulation. Gastrulation usually involves directional cell crawling 
or migration, during amphibian gastrulation, the presumptive mesendodermal cells form 
the leading edge of an annulus of tissue that involutes and then migrates directionally on 
the roof of the blastocoel towards the animal pole (Fig.1.19.A). The cells move as a stream 
in which individuals are polarized and show animally directed protrusive activity. This 
migration depends on the interaction of cells with a fibronectin-rich, fibrillar matrix on 
the blastocoel roof (Keller, 2005) (Fig.1.19.B). Recent studies in vivo demonstrated that 
gastrulating Drosophila embryos present in the internalizing mesendodermal cells high 
level of cellular organization, with mesendoderm cell movements correlating with some 
but not all ectoderm movements. During migration, the mesoderm population undergo 
two ordered waves of cell division and synchronous cell intercalation, and cells at the 
leading edge stably maintain the position (McMahon et al., 2008). 
 
 
 
 
Figure 1.19. Collective 
migration. 
 
Diagrams of midsagital section 
of the amphibian early and late 
gastrula. (A) show the directed 
migration of the leading 
mesendoderm (orange) toward 
the animal pole. (B) An 
enlargement shows the shingled 
morphology and polarized 
protrusive activity (red) of these 
cells. Adapted from (Keller, 
2005). 
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Aims and approaches of this thesis 
 
Understanding the factors that direct tissue organization during development is one of the 
most fundamental goals in developmental biology. Directed and collective cell migration 
is considered to be an essential component of this process. Directed migration itself 
depends on the tensile and adhesive properties of the single cells. For a deeper 
understanding of this process, several questions require to be answered. These questions 
are: What are the gene functions related to these movements? What are the cellular 
mechanisms that generate forces? What are the mechanisms by which cell forces are 
coordinated in space and time? What are the material properties of the tissues 
transmitting these forces? How do these forces contribute to the collective migration of 
the cells? All these questions have still to be further investigated.  
In this work, we try to contribute to the knowledge of these cell movements that 
contribute to complex embryonic morphogenesis, using and combining new methods that 
allow us to improve the measurement of molecular and physical properties and 
visualization of cell behaviors. 
Firstly, we started with the analysis at single cell level of the two properties, cell-cell 
adhesion and contractility, suggested to contribute to cell shape, packing, sorting and 
movement of cell layers, by using Atomic Force Microscopy, a new tool to measure these 
parameters. This technique allows us to quantify the adhesive and mechanical properties 
of individual ectoderm, mesoderm and endoderm progenitor cells from gastrulating 
zebrafish embryos, in order to validate the hypotheses that explain cell sorting and tissue 
organization. These all Atomic Force Microscopy related measurements were done in 
close collaboration with Michael Krieg, and a further description of the technique and the 
analyzed results can be found in his thesis. 
Afterwards, we correlate the obtained results of measurements of adhesion and cell 
cortex tension with tissue self-assembly cell sorting experiments in vitro to address which 
of these two parameters is the main force driving of such behavior.   
Finally, we developed a cell transplantation assay that allowed us to investigate whether 
all these measured parameters correspond to the real sorting behavior in vivo and how 
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they contribute to the collective and directed migration of the mesendodermal progenitor 
cells. 
All the simulations that are presented in this thesis to support our results were done 
thanks to Jos Käfer and Nicholas Licata.  
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Results 
 
Germ layer progenitor cells organization in vitro: tensile 
forces 
 
Various hypotheses explain cell sorting and tissue organization on the basis of the 
adhesive and mechanical properties of the constituent cells (Tepass et al., 2002). 
However, validating these hypotheses has been difficult due to the lack of appropriate 
tools to measure these parameters. This lack of knowledge inspired the work of this 
thesis, as we are now able to use Atomic Force Microscopy (AFM). This method can be 
used to quantify the adhesive and mechanical properties of individual ectoderm, 
mesoderm and endoderm progenitor cells from gastrulating zebrafish embryos. 
Combining this technique with tissue self-assembly in vitro and the sorting behavior of 
progenitors in vivo, using hanging-drop and transplantation assays, respectively, we have 
been able to contribute to the understanding of the properties that are affecting or 
controlling the movements and the organization of embryological tissues.  
 
2.1  Induction of germ layer progenitor cells 
 
To achieve this purpose, first we had to identify our target cells, which, as was mentioned 
above, are the progenitor cells of the three embryological layers: ectoderm, mesoderm 
and endoderm. In order to do that, the first step was to generate embryos where most of 
the cells expressed endoderm, mesoderm or ectoderm fates, allowing us to obtain enough 
cells for the experiments. For ectoderm progenitors, MZoep mutants were used, these 
embryos lack both maternal and zygotic activity of the one-eyed pinhead protein (co-
receptor of nodal signals, essential inducer of mesoderm and endoderm in vertebrates 
(Schier, 2003) and do not form a hypoblast cell layer (Gritsman et al., 1999).  Endoderm 
and mesoderm progenitors were generated by microinjection (see paragraph 5.3 of section 
methods) into one-cell stage TL wild type embryos of casanova (cas) mRNA 
(Fig.2.1.C,C’), or cyclops (cyc) mRNA  and cas morpholino oligonucleotides (MO) 
(Fig.2.1.B,B’) (Sakaguchi et al., 2001), respectively. cyclops encodes a nodal-related 
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transforming growth factor-β (TGFβ) signal required for mesendoderm formation and 
patterning in zebrafish (Dougan et al., 2003) (Schier and Shen, 2000) (Sampath et al., 
1998). Thus, overexpression of cyclops in one-cell stage wild type embryos induces 
exogenous axial mesendoderm in most of the blastomeres (Fig.2.1.D,D’). The Sox gene 
casanova is regulated by Nodal signaling to induce endoderm formation (Alexander et 
al., 1999). Loss of casanova by injecting cas MO makes these cells adopt a mesodermal 
fate. casanova is the most central and downstream player of the Nodal signaling pathway 
and is sufficient to induce  cells to give rise to endoderm (Dickmeis et al., 2001) (Kikuchi 
et al., 2001). As a control and in order to verify the activity of these molecules, these 
components were injected into one-cell stage wild type sox17-GFP embryos 
(Fig.2.1.A,A’) allowing us to see the induction of the different cell fates. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Acquisition of cell fates. 
 
Cell fate of wt sox17-GFP embryos injected with different Nodal components. Bright-field images of 
living embryos at 90% epiboly stage. (A,A’) Wild type sox17-GFP embryo showing endoderm cells 
marked with GFP. (B,B’) Wild type sox17-GFP embryo injected with cyc mRNA + cas MO, there is no 
GFP signal indicating that most of the cells present mesoderm fate. (C,C’) wild type sox17-GFP embryo 
injected with cas mRNA, the GFP signal of sox17 is expressed now in most of the cells indicating 
endoderm cell fate. (D,D’) a mix population of meso- and endoderm cell fates components a wild type 
sox17-GFP embryo injected with cyc mRNA. Lateral views of embryos, dorsal side is to the left; ventral 
to the right; animal pole is to the top and vegetal pole to the bottom. (A) scale bar = 250 µm. 
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The specific identity of germ layer progenitors was also determined by in situ staining 
(see paragraph 5.5 of section methods) of the one-cell stage injected embryos at shield stage, 
being at this stage when Nodal pathway is active. Embryos injected with cyc mRNA and 
cas MO ubiquitously expressed gsc (goosecoid) (Fig.2.2C), a marker of anterior axial 
mesoderm (prechordal plate mesoderm marker), suggesting that they were fated to 
become anterior axial mesoderm; in the wild type embryos it is clearly observed at the 
presumptive shield (Thisse et al., 2004) (Fig.2.2.A); in contrast, ntl (no tail), another 
dorsal mesoderm marker, which is expressed in wild type embryos at the axial hypoblast 
(Schulte-Merker et al., 1994) (Fig.2.2.E)  was not expressed in cyc mRNA + cas MO 
injected embryos (Fig.2.2.G) suggesting that most of the cells are axial mesoderm. gata2  
(GATA-binding protein 2a) marker was used to identify ectoderm (Fig.2.2.B-N) since this 
mRNA is expressed in wild type embryos from 50% epiboly to 90% epiboly at the 
presumptive ectoderm (non neural ectoderm) (Dee et al., 2007) (Fig.2.2.M). None of the 
mesendodermal markers were found expressed in MZoep embryos (Fig.2.2.B-J), in 
contrast gata2 was only found expressed in ectodermal cells (Fig.2.2N). To identify 
endoderm fate sox17 (SRY-box containing gene 17) marker was used, a marker of 
presumptive endoderm at the margin of shield stage wild type embryos and forerunner 
cells (Aoki et al., 2002) (Fig.2.2.I). Embryos injected with cas mRNA ubiquitously 
expressed the endoderm marker Sox17 (Fig.2.2.L), suggesting that cells were fated to 
become endoderm. 
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In general, this injection allowed efficient induction of different progenitor types with 
many (Aoki et al., 2002) (Carmany-Rampey and Schier, 2001), but not necessarily all 
features of their endogenous counterparts. 
 
Figure 2.2. Germ layer progenitor cells identities. 
 
Whole mount in situ hybridization for gsc (anterior axial mesendoderm – prechordal plate; A-D), ntl (axial 
mesoderm; E-H), sox17 (endoderm; I-J) and gata2 (ventral ectoderm; M-P) expression in wild type 
(A,E,I,M), MZoep (ecto; B,F,J,N), cyc mRNA and cas MO (meso; C,G,K,O), and cas mRNA- (endo; 
D,H,L,P) injected embryos. Lateral views of embryos, dorsal side is to the right (a-m); ventral to the left; 
(a-m) the animal pole is at the top; the vegetal pole is at the bottom. (A) Scale bar = 250 µm. 
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2.2 Quantitative analysis of the adhesion force of germ 
layer progenitor cells 
 
To determine cell adhesion at the single cell level, we used an Atomic Force Microscope 
(AFM) as a Single Cell Force Spectroscope (SCFS) (Benoit et al., 2000) (Puech et al., 
2006) (Zhang et al., 2004) (see paragraph 5.7 of section methods). An in detail description of 
the technique and the obtained results can also be found in the thesis of Michael Krieg.  
 
Ecto, meso and endoderm progenitor cells were obtained by disruption of the previously 
described embryos (see paragraph 5.6 of section methods). The adhesion forces between two 
isolated germ progenitor cells were measured by bringing the cells into contact until a 
pre-defined force was reached and then recording the force required to separate them 
after a given dwell-time ranging from 1 sec to 60 sec. When adhesion forces between 
progenitors of the same type (homotypic adhesion; ‘cohesion’) were measured, ectoderm 
progenitors showed significantly lower cohesive forces compared with their mesoderm 
and endoderm counterparts for all contact times tested (Fig.2.3.A,B). Adhesive forces 
between different progenitor types (heterotypic adhesion) were similar to homotypic cell 
contacts of ectoderm cells, the less cohesive cell type (Fig.2.3.C), e.g., the resulting 
adhesion force of an ectoderm to mesoderm contact was similar to the cohesion measured 
for two ectoderm cells. 
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Figure 2.3. Measure of homotypic and heterotypic cell adhesion of germ-layer progenitors by 
single-cell force spectroscopy (SCFS). 
 
(A) Fmax as a function of contact time for homotypic adhesion between the three different progenitor types. 
Values are presented as median ± MAD. (B) Distribution of  Fmax for the three progenitor cell types at 10 s 
contact time. Unprocessed raw data binning set to 500 pN. (C) Homotypic versus heterotypic progenitor 
adhesion at 10 s contact time. Data is presented as a box-whisker plot. Median is black and mean is white. 
(D) Fmax as a function of homotypic progenitor cell adhesion as a function of contact time displayed as 
box-whisker plots. Values are presented as median in black and mean in white. Numbers above/below 
brackets indicate p values for the corresponding combinations. 
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We confirmed that the results obtained with cas-expressing cells were due to their 
endoderm character rather than being a specific effect of cas over-expression by showing 
similar adhesive (Fig.2.4.A) and tensile (Fig.2.4.B) properties in progenitors from embryos 
ubiquitously expressing dominant active daTARAM-A, a putative Nodal type I receptor 
(Renucci et al., 1996), previously shown to induce endoderm cell fate upstream of cas 
(Aoki et al., 2002). 
 
 
 
 
 
 
 
 
The recorded differences in cell-cell adhesion are unlikely to be a mere consequence of 
differences in morphological and/or mechanical cell properties, as neither cell size 
(Fig.2.5.A) nor ‘contact stiffness’ (Fig.2.5.B) correlated with the recorded maximum 
adhesion forces (r = 0.14).  
 
Figure 2.4. Endoderm progenitor cell adhesion and tension induced by dominant active 
TARAM-A. 
 
Fmax for homotypic adhesion (A) and cortex tension (B) of endoderm cells obtained by expressing either 
cas mRNA (50pg/embryo) or dominant active TARAM-A mRNA (daTARAM-A; 50 pg/embryo). Actual p-
values are given above/below the brackets, number of observations below the whisker. 
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Taken together, these observations demonstrate that mesoderm and endoderm progenitors 
are more cohesive than ectoderm cells. 
 
2.3 Implication of E-cadherin molecules in differential 
cohesion of germ layer progenitors 
 
Cadherin adhesion molecules, especially E-cadherin, are known to play key roles in 
tissue morphogenesis during vertebrate gastrulation (Gumbiner, 2005). To test whether 
E-cadherin is involved in differential cohesion of germ layer progenitors, we measured 
cohesion when E-cadherin function was impaired. Cohesion of all three progenitor types 
was strongly reduced when Ca2+ was depleted from the medium and, more specifically, 
when E-cadherin expression was ‘knocked-down’ using MO (Fig.2.6.A), indicating that 
E-cadherin mediates progenitor cell cohesion. 
To test whether the progenitors display differences in cadherin-mediated adhesion that 
resemble their differential cohesive properties, we measured the adhesion of ectoderm, 
Figure 2.5. Morphology and size of progenitors. 
v 
(A) Box-whisker plot of the cell diameter for different progenitor cell types. Numbers above/below 
brackets indicate p values for the corresponding combinations. Phase contrast micrographs of typical 
progenitor cell morphology used in the SCFC experiments are shown above the box-whisker plots. Scale 
bar: 10 µm. (B) Slope of contact region (‘contact stiffness’) extracted from the approach trace versus Fmax 
recorded for each force-distance curve. Grey squares, no statistical correlation was seen (r = 0.14); five 
arbitrarily chosen curves for each progenitor types are highlighted as colored circles. 
RESULTS 
 
 
42 
mesoderm and endoderm progenitors to substrates coated with E-cadherin (Ulrich et al., 
2005). Mesoderm and endoderm progenitors adhered more to E-cadherin substrates than 
ectoderm cells (Fig.2.6.B), indicating that adhesion of progenitors to cadherins correlates 
with their cohesive properties. 
 
 
 
 
 
 
 
Consistently, we found that in embryos at the onset of gastrulation (6 hours post 
fertilization; hpf), E-cadherin density at the plasma membrane of mesendoderm 
(mesoderm and endoderm) progenitors was higher than in the directly adjacent ectoderm 
progenitors (Fig.2.7.A,B) (Montero et al., 2005). Similarly, the amount of classical 
cadherins at the plasma membrane of dissociated ectoderm progenitors detected by an 
anti-pan-cadherin antibody (Geiger et al., 1990) on western blots was lower than in 
mesoderm and endoderm cells (Fig.2.7.A’). Together, these findings demonstrate that 
differential cohesion of germ layer progenitors is primarily mediated by classical 
cadherins including E-cadherin. 
 
 
Figure 2.6. Depletion of cohesion and cadherin-mediated adhesion. 
 
(A) Fmax for homotypic adhesion at 10 sec contact in control (Ca2+), EGTA (5mM)-treated or E-cadherin-
MO expressing (-cdh1; 8ng/embryo) progenitors. (B) Fmax as a function of contact time for progenitor cell 
adhesion to an E-cadherin-coated surface. 
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2.4 Quantitative analysis of the cortex tension of germ 
layer progenitor cells 
 
In addition to differential adhesion, differential cell contraction has been implicated in 
cell sorting and tissue self-assembly (Harris, 1976). Studies using Dictyostelium, 
fibroblasts and white blood cells have shown that acto-myosin contraction and cell cortex 
tension Tc are directly related to each other (Dai et al., 1999) (Thoumine et al., 1999). We 
therefore determined Tc of different germ layer progenitors as a read-out of their specific 
acto-myosin activity. To measure cell cortex tension, we deformed the surface of single 
progenitors with a colloidal force probe and recorded the resulting force-indentation 
curves with an AFM (Fig.2.8.A,B). Tc was extracted from force-indentation curves by 
using the Cortical Shell-Liquid Core or Liquid Droplet Model (Evans and Yeung, 1989) 
Figure 2.7. Distribution and amount of cadherins.  
 
(A) Sagittal section of the dorsal germ ring margin of a shield stage wild type embryo (6 hpf; schematic 
drawing in upper left corner) fluorescently stained with an E-cadherin antibody. Picture was taken by 
confocal microscopy. (a’) Western blot analysis and quantification (bar chart) of the amount of 
biotinylated, membrane-bound classical cadherins (pan-cadherin antibody) in dissociated progenitors 
normalized to total tubulin (n=4; median±MAD). Scale bar in (A)=50 µm. Numbers above or below 
square brackets indicate p values for the corresponding combinations. (B) Intensity profile of E-cadherin 
staining in the hypoblast (mesoderm and endoderm progenitors) and epiblast (ectoderm progenitors) 
determined from Fig. A. E-cadherin plasma membrane intensities are higher in cells of the anterior axial 
hypoblast compared to adjacent epiblast cells. 
 
RESULTS 
 
 
44 
(see paragraph 5.7 of section methods). We found that ectoderm progenitors had the highest 
Tc, followed by mesoderm and then endoderm progenitors (Fig.2.8.C,D). 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Cortex tension of germ layer progenitors measured by single cell force 
spectroscopy (SCFS). 
 
 (A) Principle of the indentation experiment. A passivated colloidal force probe (bead; diameter=5 µm) is 
moved towards a given progenitor cell (cell) at 1 µm/s (i) and the cell surface is deformed by the bead (ii). 
(B)(iii) Phase contrast micrograph of typical progenitors used for measurements. (iv) Phalloidin (actin; 
red) and phospho-myosin antibody (green) staining of fixed mesoderm progenitors after 3 h in culture. 
Scale bars in (iii and iv)=50 µm. (C) Distribution of Tc for ectoderm, endoderm and mesoderm 
progenitors. (D) Representative force curves for an ectoderm (red), mesoderm (green) and endoderm 
(blue) progenitor cell are shown and fitted with a linear model to extract the cortex tension Tc. The inset 
presents the residuals of the fit.  
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2.4.1 Actomyosin activity causes differences in cell-cortex  
tension 
 
To determine whether these differences in cell cortex tensions were due to differential 
acto-myosin activity, we measured Tc of germ layer progenitors in the presence of 
Blebbistatin, a specific inhibitor of myosin II activity (see paragraph 5.7 of section methods). 
Interestingly, exposure to 50 µM Blebbistatin reduced Tc to the same level in all 
progenitor types (Fig.2.9.). Together, these findings demonstrate that progenitors display 
differential acto-myosin-dependent cortex tension. 
 
2.4.2 Implication of Nodal/TGFβ pathway in cell-cortex 
tension 
 
The factors regulating cortex tension of germ layer progenitors are poorly understood. 
Nodal/TGFβ signaling is known to be required and sufficient to induce mesoderm and 
endoderm cell fates and morphogenesis (Schier, 2003). Thus to test whether Nodal/TGFβ 
signaling can modulate cell cortex tension of progenitors, we measured cortex tension of 
ectoderm progenitors exposed to recombinant Activin, a Nodal-related TGFβ signal 
previously shown to function as a mesendoderm inducer and dorsalizer (Gritsman et al., 
1999). In ectoderm progenitors cultured for 120 min in the presence of 100 ng/ml 
Figure 2.9. Differential actomyosin activity 
implicated in cell-cortex tension.  
 
Box-whisker plot of Tc for different progenitor cell 
types in the presence or absence of Blebbistatin 
(bleb, 50µM). Median is black and mean is white. 
Sample size is indicated over each box and number 
of tested cells below the x-axis. Numbers above 
brackets indicate p values for the corresponding 
combinations. 
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Activin, cell cortex tension was significantly lower than in untreated cells 
(untreated=54.5±8.6 µN/m, n=32; treated=21.7±8.6 µN/m, n=32; median±MAD; 
p=2.2*10-16). This suggests that acto-myosin-dependent cortex tension of germ layer 
progenitors can be modulated by Nodal/TGFβ-related signaling.  
 
2.5  Sorting behavior of germ layer progenitor cells in vitro 
 
To correlate the adhesion and cortex tension measurements with the actual sorting 
behavior of germ layer progenitors, we performed a series of in vitro cell sorting 
experiments (see paragraph 5.8 of section methods). We have previously shown that 
ectoderm and mesendoderm cells sort efficiently when mixed in primary culture, 
resulting in an ectoderm cluster surrounded by mesendoderm cells (Schotz et al., 2008). 
Applying the same methodology to all three germ layer progenitor types, we found that 
when ectoderm cells were mixed with either mesoderm or endoderm cells, ectoderm cell 
clusters became surrounded by mesoderm (n=56 aggregates) or endoderm cells (n=45) 
after 17 h in culture (Fig.2.10.A-E). Cell sorting also occurred in mixed mesoderm and 
endoderm cell populations after 17 h in culture with mesoderm clusters completely 
(n=27) or partially (n=29) enveloped by endoderm cells (Fig.2.10.F). 
 
 
 
 
 
 
 
Figure 2.10. Sorting of germ layer progenitors in vitro. 
 
Two different embryos are dissociated and progenitors are mixed in a hanging drop. Cell sorting is observed after 17 
h in culture. (A-D) Sorting of mesoderm and ectoderm co-culture at different time-points. (E,F) Sorting of ectoderm-
endoderm (E) and mesoderm-endoderm (F) co-cultures after 17 h in culture. Scale bar = 300 µm. Epifluorescence 
images were constructed in ImageJ. (G) Time-course of cell sorting in an ectoderm-mesoderm co-culture. The cluster 
size (projected particle area) increases immediately after seeding without any detectable lag-phase (ectoderm=red 
circles, mesoderm=green squares), whereas no increase in cluster size is observed in the presence of EDTA (green 
diamonds). Generally, progenitor cell aggregates after 17 h in culture did not show obvious signs of cell 
differentiation (as judged by marker gene expression and (Schotz et al., 2008)), indicating that they retain their 
progenitor cell identities. 
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Importantly, germ layer progenitor cell aggregation starts immediately after seeding and 
cell sorting is evident already minutes after mixing (Fig.2.10.G). This suggests that the 
cell-cell contact times used in our adhesion assay (Fig.2.3.A) are relevant for the actual 
sorting behavior of progenitor cells. A sorting order of germ layer progenitors thus
exists in vitro; ectoderm cells are surrounded by mesoderm or endoderm cells, and 
mesoderm cells are surrounded by endoderm cells. Analogous configurations and sorting 
orders have been reported for dissociated germ layer progenitors of Rana pipiens 
embryos (Davis et al., 1997). 
 
2.5.1 Actomyosin-dependent cell-cortex tension is      
required for germ layer progenitor cells sorting 
 
That higher acto-myosin-dependent cortex tension (Fig.2.8.D,C;Fig.2.9), but not cohesion 
(Fig.2.3.D), correlates with ectoderm progenitors sorting to the inside of a heterotypic 
aggregate (Fig.2.10.D,E), and suggests that cortex tension rather than cohesion promotes 
progenitor cell sorting to the inside. To test whether acto-myosin-dependent cortex 
tension is required for progenitor cell sorting, we exposed mixed ectoderm and mesoderm 
(or endoderm) progenitors to drugs perturbing acto-myosin activity. We found that mixed 
ectoderm and mesoderm (as well as endoderm) progenitors failed to efficiently sort when 
exposed to Cytochalasin D (an actin depolymerizer) or (-)-Blebbistatin (a blocker of 
myosin II activity) (Fig.2.11.A,B,C,D,G), but not to (+)-Blebbistatin (an inactive 
enantiomer) (Fig.2.11.E). Similarly, no sorting occurred in the presence of BDM, another 
myosin ATPase inhibitor (Fig.2.11.F). 
 
Importantly, relative differences in homotypic cell-cell adhesion between the different 
progenitor types remained unchanged in the presence of (-)-Blebbistatin (Fig.2.12.) 
indicating that Blebbistatin functions in cell sorting by perturbing cortex tension (Fig.2.9.) 
rather than adhesion. 
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Together, these findings show that differential acto-myosin-dependent cortex tension is 
required for efficient progenitor cell sorting. 
 
2.5.2 Actomyosin-dependent cell-cortex tension is 
sufficient for germ layer progenitors sorting 
 
To determine whether differential acto-myosin dependent cortex tension is also sufficient 
to drive germ layer progenitor cell sorting, we selectively interfered with acto-myosin 
Figure 2.12. Involvement of Myosin in 
progenitor cell adhesion.  
 
Quantification of Fmax for homotypic adhesion as a 
function of germ layer progenitor cell type in the 
presence or absence of Blebbistatin at 10 sec contact 
time. Actual p-values are given above the brackets, 
number of observations below the whiskers. 
 
Figure 2.11. Cortex tension implicated in 
germ layer progenitor cell sorting.  
 
Two different embryos are dissociated and 
progenitors are mixed in a hanging drop. Cell 
sorting is observed after 17 h in culture. 
(A,B,C,D,) Hanging drop co-cultures of 
ectoderm (red) and mesoderm (green) 
progenitors in the presence of 10 mM 
Cytochalasin D (A,C) or 50 µM (-)-Blebbistatin 
(B,D) after 6 h (A,B) and 17 h (C,D) in culture. 
Scale bar = 300 µm. (E,F) Sorting in mesoderm 
(green) and ectoderm (red) hanging drop co-
cultures in the presence of 50 µM (+)-
Blebbistatin (E) and 20mM BDM (F) after 17 h 
in culture. (G) Sorting of ectoderm (red) and 
endoderm (green) in hanging drop co-cultures 
in the presence of (-)-Blebbistatin after 17 h in 
culture. Scale bar in (E) = 150 µm. 
Epifluorescence Images were constructed in 
ImageJ. 
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activation in ectoderm progenitors and then analyzed their sorting behavior when mixed 
with un-treated ectoderm, mesoderm or endoderm cells. To cell-autonomously interfere 
with acto-myosin activation, a dominant-negative version of Rho kinase 2 (dnRok2), an 
upstream regulator of acto-myosin activity (Marlow et al., 2002), was expressed. dnRok2 
expressing ectoderm progenitors showed reduced cortex tension while cohesion remained 
unchanged (Fig.2.13.C-D) and, when mixed with either untreated ectoderm, mesoderm or 
endoderm cells, sorted to the outside of  heterotypic aggregates (Fig.2.13.A,B,E,G). 
 
 
 
  
 
 
 
 
Figure 2.13. Germ layer progenitor cell sorting related with actomyosin-dependent Tc. 
 
(A,B) Hanging drop co-culture of untreated ectoderm cells and ectoderm cells obtained from embryos 
injected with 350 pg/embryo of dnrok2 mRNA to reduce cortex tension after 6 h (A) and 17h  (B) in 
culture. Scale bar = 300 µm. (C) SCFS measurements of ectoderm cell cohesion (10 sec contact time; 
p=0.923). (D) Cortex tension in control and dnrok2 mRNA expressing cells (350 pg/embryo; p=2.2*10-
16). Number of tested cells are given below/above the boxes. (E-G) Sorting in mesoderm-ectoderm (E,F) 
and endoderm-ectoderm (G) hanging drop co-cultures with ectoderm cells (red) expressing either dnrok2 
mRNA (E,G; 350 pg/embryo) or dnmrlc2a mRNA (F; 250 pg/embryo) to reduce cortex tension after 17 
h in culture. Scale bars in (A)=300 µm. and in (E) = 150 µm. Epifluorescence images were constructed 
in ImageJ. 
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Similar results were obtained by expressing a dominant-negative version of myosin 
regulatory light chain 2a (dnMRLC2a), a downstream target of Rok2, to reduce cortex 
tension (Fig.2.13.F).  
 
This suggests that differential acto-myosin dependent cortex tension is sufficient to 
direct progenitor cell sorting. 
 
2.5.3 Cellular Potts Model to explain sorting of progenitor 
cells in vitro 
 
To explain the sorting behavior of germ layer progenitors in the context of our adhesion 
and tension measurements, we simulated progenitor cell sorting using the Cellular Potts 
Model (Maree et al., 2007) (Ouchi et al., 2003). In this model, performed by Jos Käfer 
and widely explained in his thesis, cell behavior is driven by energy minimization 
whereby the total energy of an aggregate depends on the interfacial tension between cell-
to-cell and cell-to-medium interfaces (Brodland, 2002)(Graner, 1992). The interfacial 
tension between two cells is determined by the adhesion (Jij) between the cell types i and 
j, and by the cortex elasticity and cortex tension (Ti and Tj) of the two cells  (Brodland, 
2002) (Kafer, 2007). Relative values for adhesion reflected those measured in Fig.2.3.D 
with homotypic adhesion Jendo>Jmeso>Jecto and heterotypic adhesion 
Jecto,meso=Jecto,endo=Jmeso,endo = homotypic adhesion Jecto. Adhesion of cells to the medium 
was set to 0.  
 
We simulated progenitor cell sorting using two different conditions: in the first case, 
cortex tension was assumed to be homogeneous for the whole cell, independent of 
interactions with other cells or the medium (interface-independent tension). Relative 
tension values were set according to the experimental data shown in Fig.2.9 
with
! 
T
c
ecto
> T
c
meso
> T
c
endo . In the second case, we regarded the tension measurements of 
Fig.2.9 as representative of only the cell-to-medium interface, as first proposed by 
Harris (Harris, 1976), with 
! 
T
c
ecto /medium
> T
c
meso /medium
> T
c
endo /medium (interface-specific 
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tension). In contrast, cortex tension at cell-to-cell interfaces was set equal for all 
progenitor cell types.  
 
When we simulated tissue self-assembly given the first case (interface-independent 
tension), ectoderm cells enveloped both mesoderm and endoderm progenitors, contrary 
to our experimental observations (Fig.2.10.A-D). In contrast, when the second case 
(interface-specific tension) was tested, progenitors sorted exactly as observed in the 
experiments, with mesoderm and endoderm progenitors surrounding ectoderm 
(Fig.2.14.A-D) and ectoderm progenitors with reduced cortex tension surrounding 
mesoderm progenitors (Fig.2.14.F).  
 
 
 
 
This suggests that interfacial energy resulting from adhesion and cortex tension can 
trigger germ layer progenitor sorting if differential cortex tension exists at the cell-to-
medium interface. 
 
2.5.4 Cortex tension at the cell-to-medium interface 
 
To determine whether differences in acto-myosin-dependent cortex tension exist at the 
cell-to-medium interface, we stained ectoderm, mesoderm and endoderm tissue explants 
(see paragraph 5.9/5.10 of section methods) after 7 h in culture with the polymerized actin 
marker Phalloidin. All explants showed uniform intensity of cortical actin staining at 
Figure 2.14. Cellular-Potts-Model 
to explain germ layer progenitor cell 
sorting. 
 
(A-D) Progenitor cell sorting in an 
aggregate consisting of ectoderm (red) 
and mesoderm (or endoderm) cells 
(green) at consecutive stages of sorting. 
(E) Stable configuration of mesoderm 
(red)-endoderm (green) aggregates. (F) 
Stable configuration of ectoderm (red)-
mesoderm (green) aggregates with 
reduced cortex tension in ectoderm cells. 
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cell-to-cell interfaces, while elevated actin staining was seen at the cell-to-medium 
interface (the surface of the explants) (Fig.2.15.A-C). Similar results for actin localization 
were observed using FITC- labeled actin monomers (Fig.2.15.F-H). 
 
 
 
 
 
 
 
 
 
 
In addition, the surface of ectoderm explants was straighter (Fig.2.16.A-C) and displayed 
higher cortical actin levels than mesoderm and endoderm explants (Fig.2.15.A-C), 
suggesting higher tension at the cell-to-medium interface of ectoderm explants. 
 
 
Figure 2.15. Surface analysis of germ layer explants. 
 
(A-C) F-actin (Phalloidin) staining of ectoderm (A), endoderm (B) and mesoderm (C) explants. (D-E) F-
actin (Phalloidin) (red) and phosphorylated P-myosin (green) staining of an ectoderm (D) and mesoderm 
(E) germ layer explants. (F-H) Ectoderm (F) and mesoderm (H) explants stained for (F) F-actin and 
(G,H) actin monomers. Similar results were obtained for both staining techniques. Scale bar in (A) = 20 
µm., in (D) = 100µm. 
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Together, these findings support the prediction from our simulations that cortex tension at 
the cell-to-medium interface is different between ectoderm and mesoderm cells. The 
findings are also consistent with our previous observations that tissue surface tension is 
higher in ectoderm versus mesendoderm explants (Schotz et al., 2008). 
 
2.6 Sorting behavior of germ layer progenitor cells in vivo 
 
To test whether the sorting behavior of germ layer progenitors in culture reflects their 
actual morphogenetic behavior in vivo, we established an in vivo cell sorting assay 
system. We transplanted different combinations of ectoderm, mesoderm or endoderm 
progenitors into the blastoderm margin of MZoep mutant embryos, which predominantly 
consist of ectoderm progenitors (Gritsman et al., 1999), and then monitored the sorting 
behavior between the transplanted donor cells and the host cells of the receiving embryo 
(Fig.2.17; see paragraph 5.14 of section methods). It has previously been shown that 
Figure 2.16. Aggregate surface tension.  
 
(A) Summary of the two angles α and β 
between two cells at the surface of a homotypic 
aggregate (for angle representation see B). Data 
are represented mean±SD. Validity of the angle 
measurement was confirmed with 
! 
1
2
" + # =180±SD.; actual P values are given 
above the brackets; number of observations are 
within the bars. (B) The cellular origin of 
interfacial tension. At the cell-to-cell interface, 
the tension γCC is increased by the cortical 
tension 
! 
T
c
CC  of both cells, and decreased by the 
adhesion energy J. At the cell-to-medium 
interface there is no adhesion, thus the 
interfacial tension γCM is equal to the cortical 
tension 
! 
T
c
CM
. The surface tension σ is therefore 
increased by cortex tension at the cell-to-
medium interface and the adhesion between the 
cells within the aggregate. (C) Aggregate 
surface tension (results from the difference 
between the interfacial tension at the cell-to-
cell (γCC) and cell-to-medium (γCM) interface. 
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mesendoderm progenitors transplanted into the blastoderm margin of MZoep mutants 
cell-autonomously ingress from the blastoderm margin (Carmany-Rampey and Schier, 
2001). 
 
 
 
 
 
 
 
When ectoderm progenitors were transplanted into MZoep embryos at shield stage (6 
hpf), they remained as a loosely coherent cluster of donor cells embedded within the 
epiblast of the host embryo at bud stage (10 hpf) (Fig.2.18.A,D). In contrast, when 
mesoderm or endoderm progenitors were transplanted into the germ ring of a shield stage 
MZoep host embryo, they segregated from the host cells and either arranged into a 
compact cell cluster (mesoderm) (Fig.2.18.C,F) or dispersed as single cells (endoderm) 
(Fig.2.18.B,E) between the yolk cell and the overlying epiblast at bud stage. 
Figure 2.17. Schematic drawing of an in vivo progenitor cells sorting assay. 
 
Progenitors from different embryos (donor, red) are transplanted into an MZoep mutant embryo (host, 
green) at shield stage (6 hpf) and sorting of donor and host cells is observed at bud stage (10 hpf). Two 
different possible outcomes are schematized: spreading of donor cells between epiblast and yolk or 
integration of donor cells into the epiblast of the host embryo. 
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These experiments suggest that in vitro and in vivo sorting of germ layer progenitors 
retain common and divergent features. In both cases, ectoderm progenitors segregate 
from mesoderm and endoderm progenitors into distinct cell clusters that contact each 
other. However, the position of ectoderm relative to mesoderm and endoderm differs; 
ectoderm is on the inside of heterotypic aggregates in vitro, but more superficial to 
mesoderm and endoderm in vivo. 
 
 
 
 
Figure 2.18. Sorting of germ layer progenitors cells in vivo.   
 
(A-C) Localization of TRITC labeled donor ectoderm (n=9 embryos; A), endoderm (n=7; B) and 
mesoderm (n=7; C) progenitors in MZoep-Ras-GFP mutant embryos at bud stage. Dorsal views. Images 
were constructed in Leica SP5 LAS software. (D-F) Analysis of the spatial configuration of transplanted 
donor (red) and host (green) cells depicted as normalized (norm) intensity as a function of embryo center 
distance. Ectoderm cells overlap stronger with host tissues compared to mesoderm and endoderm cells. 
Scale bar in (A) =150 µm. 
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2.7 Cell sorting and interactions with extra-embryonic 
tissues  
 
The apparent discrepancy in the final positioning of germ layer progenitors is most likely 
due to progenitor sorting in vivo being influenced by interactions with extra-embryonic 
tissues such as the EVL on the outside of the embryo and the yolk cell on the inside 
(initial source of Nodal signals), which are not present in our in vitro preparations. To test 
this hypothesis, we simulated, again with the help of Jos Käfer, progenitor cell sorting in 
the presence of the yolk cell and EVL cells. Assuming both strong adhesion of ectoderm 
progenitors to the EVL  (Shimizu, 2005) and mesoderm to the YSL (Warga and Kane, 
2007), progenitors sort similarly to the in vivo situation (Fig.2.19.A-F), suggesting that our 
progenitor adhesion and tension measurements can predict the in vivo sorting order when 
additional parameters, such as EVL or yolk cell adhesion are included. This view is also 
supported by experiments showing that when the blastoderm margin is removed from the 
embryo and placed in culture, endogenous mesendoderm and ectoderm, in the absence of 
EVL and yolk, self-assemble into an inside-out configuration similar to the in vitro 
sorting experiments (Schotz et al., 2008).  
 
 
 
 
 
 
Figure. 2.19. Simulated progenitor cell sorting 
interacting with extra-embryonic tissues. 
 
(A-C) Simulation of consecutive steps of progenitor 
cell sorting in the presence of extra-embryonic EVL 
and yolk cell. Adhesion and tension values for 
mesoderm and ectoderm progenitors were set as in 
Fig.2.3.D/Fig2.9. We further assumed that EVL cells 
adhere preferentially to ectoderm progenitors 
(Jevl,ecto>Jevl,meso), that yolk and EVL cells do have 
uniform contraction (not interface-specific) and that 
the adhesion between yolk and the germ layer 
progenitors is equal to the homotypic adhesion of 
germ layer progenitors (Jyolk,meso=Jmeso,meso, 
Jyolk,ecto=Jecto,ecto).  
This results in mesoderm progenitors adhering stronger to the yolk than do ectoderm progenitors. 
Progenitor cell sorting was simulated with one big yolk cell (yellow) mixed with 10 % EVL cells (blue), 
45 % ectoderm (red) and 45 % mesoderm (blue) progenitors. Similar to the in-vivo situation, EVL cells 
were found at the outside, yolk at the center, and ectoderm cells surrounding mesoderm. (D-E) Simulation 
of consecutive steps of progenitor cell sorting at the germ ring margin with the yolk (yellow) and EVL 
(blue) position fixed, the space between yolk and EVL filled with ectoderm cells (red), and the rightmost 
ectoderm cell differentiating into a mesoderm cell (green) at regular intervals. Similar to the situation at 
the germ ring margin, mesoderm progenitors disperse between the ectoderm and yolk. 
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Germ layer progenitor cell movement: collective 
migration 
 
Whether differential adhesion and tension are the only factors determining progenitor cell 
sorting in vivo, or whether other factors such as directed cell migration, epithelialization 
and extracellular matrix (ECM) deposition, are also involved, remains to be determined. 
Notably, none of the forming germ layers in zebrafish show obvious epithelial character 
or clearly localized ECM depositions (Montero et al., 2005), leaving directed cell 
migration as the most likely process to function together with adhesion and tension in 
germ layer organization. We have thought that experiments, analyzing the specific 
migratory behavior of germ layer progenitors, will be required to reveal the relative 
contribution of cell migration to germ layer formation during zebrafish gastrulation. This 
idea has given rise to the second part of this project.  
 
Collective cell migration, the simultaneous movement of multiple cells that are connected 
by cell-cell adhesion, is ubiquitous in development, tissue repair and tumor metastasis 
(Montell, 2008) (Friedl et al., 2004). It has been hypothesized that the directionality of 
cell movement during collective cell migration results from a collective property of cells 
moving together and adhering to each other (Deisboeck and Couzin, 2009; Insall and 
Jones, 2006). Here we determine how movement directionality is established in collective 
mesendoderm migration during zebrafish gastrulation. By interfering with two key 
properties of collective migration, the ability of cells to move together and adhere to each 
other, we show that individual mesendoderm cells are capable of normal directed 
migration when moving as single cells, but require cell-cell adhesion to participate in 
coordinated and directed migration when moving as part of a group. We conclude that 
movement directionality is not a de novo collective property of mesendoderm cells, but 
rather a property of single mesendoderm cells that needs to be coordinated by cell-cell 
adhesion during collective migration.  
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2.8 Induction of mesendoderm (mesoderm and endoderm) 
germ layer progenitor cells 
 
Firstly, again, we had to identify our target cells for this study, which, as stated above, are 
the mesoderm and endoderm (mesendoderm) progenitors originating from lateral 
domains of the early gastrula. In order to do so, the first step was to generate 
mesendoderm progenitors by injection into one-cell stage wild type TL embryos of the 
Nodal signal component cyclops (cyc mRNA).  Increasing Nodal signaling by over-
expression of Cyc ((Sampath et al., 1998) (Rebagliati et al., 1998)) (or alternatively ever-
expression of squint (Sqt) or loss of Lefty1 and Lefty2 ((Feldman et al., 2002) (Feldman 
et al., 1998)) results in a fate transformation of ectodermal cells into mesendoderm 
derivates. To determine the right concentration to obtain a mix of both mesoderm and 
endoderm cell types, we injected increasing concentrations of cyc mRNA. The specific 
identity of germ-layer progenitors was determined by in situ staining of the injected 
embryos (Fig.2.20). With the increase of the injected cyc mRNA there was observed a 
parallel increase of the expression of goosecoid (gsc; prechordal plate mesoderm marker, 
(Thisse et al., 2004)) (Fig.2.20.B-F) and mezzo (a marker of the presumptive endoderm at 
the margin of the 50% epiboly stage embryos (Kunwar et al., 2003)) (Fig.2.20.T-X), which 
are the principal markers for mesoderm and endoderm, respectively (Fig.2.20.A,S). We 
obtained a equilibrium of both signals with an injection of 100 pg of mRNA 
(Fig.2.20.F,X). In contrast and how it was expected, ntl (no tail), a presumptive dorsal 
mesoderm marker (Schulte-Merker et al., 1994) (Fig.2.20.G), was showing a 
concentration-dependent expression pattern: low concentrations of cyc mRNA increased 
and higher concentrations decreased its signal (Fig.2.20.H-L), demonstrating that growing 
Nodal signal increases mesoderm fate. The marker floating head (flh), a marker for axial 
mesoderm at shield stage embryos (Jia et al., 2008) (Fig.2.20.M) was found to resemble 
the cyc concentration-dependent expression pattern of ntl (Fig.2.20.N-R). As deduced from 
these staining, a concentration of 100 pg of cyc mRNA was used for the followed 
experiments. 
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2.9 Analysis of the movement of the mesendoderm 
progenitor cells in gastrulation 
 
Studies on collective cell migration in vitro and in vivo have shown that the biased 
motion of a small proportion of cells is in principle sufficient to direct the migration of a 
large body of cells ((Haas and Gilmour, 2006) (Insall and Jones, 2006) (Deisboeck and 
Couzin, 2009)). It has therefore been suggested that movement directionality constitutes a 
collective property of cells moving together, although it is still unclear how far this 
applies to different forms of collective migration. To investigate how movement 
directionality arises in collective migration in vivo, we analyzed the movement of germ 
layer progenitor cells. Specifically, we focused on mesoderm and endoderm 
(mesendoderm) progenitors originating from lateral domains of the early gastrula known 
to display directed migration from mid to late gastrulation (7 - 9 hpf) (Sepich et al., 2005) 
Figure 2.20. Identification of mesendoderm progenitor cells by in situ staining. 
 
Whole mount in situ hybridization for gsc (anterior axial mesendoderm ; A-F), ntl (axial mesoderm; G-
L),  flh (axial mesoderm-prechordal plate; M-R) and mezzo (presumptive endoderm; S-X) expression in 
wild type (A-S) and in cyclops mRNA (mesendo; B-X) injected embryos. Lateral view of embryos, (A-S) 
dorsal side is to the right; ventral to the left; (A,X) the animal pole is at the top; the vegetal pole is at the 
bottom. Scale bar (A) = 250 µm. 
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(Fig.2.21.A,C). To determine whether these mesendoderm progenitors undergo collective 
migration, we analyzed their movement coordination and directionality, key features of 
collective migration (Montell, 2008) (Friedl and Gilmour, 2009), in time-lapse confocal 
microscopy movies detecting nuclei (Fig.2.21.B,D). 
 
 
 
 
 
Confirming and extending previous studies (Sepich et al., 2005), we found that 
mesendoderm progenitors during mid gastrulation stages (7 - 9 hpf) display highly 
coordinated and directed movements oriented towards the forming embryonic body axis 
as determined by their instantaneous speed (the speed at a particular moment), 
displacement speed (Fig.2.22.A) (see paragraph 5.14 ‘processing and statistical analysis’ of 
section methods), and movement similarity (Carvalho et al., 2009) (Fig.2.22.B, Appendix 
6.1), indicative for collective migration.  
 
Figure 2.21. Movement of 
lateral mesendoderm cells in 
wild-type-H2-GFP embryos.  
 
(A-D) View in detail of the lateral 
mesendoderm progenitors. (B,D) 
Nuclei were tracked with nuclei 
tracking software (Carvalho et al., 
2009), the endpoint of each track 
is indicated with a sphere. It can 
be observed how most of the 
mesendoderm cells are in the most 
dorsal side of the embryo at 85% 
epiboly (D). (A-D) dorsal side is 
to the right; ventral to the left; the 
animal pole is at the top; the 
vegetal pole is at the bottom. 
Scale bar (B) = 30 µm. Scale Bar 
(A) = 250µm.  
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2.10 Mesendoderm progenitor cells display an intrinsic 
directionality 
 
To investigate whether movement directionality is a collective property of mesendoderm 
cells moving together, we first asked how single mesendoderm cells migrate apart from 
their group. If movement directionality is a collective property, single mesendoderm 
progenitors are expected to exhibit poor directionality. We analyzed this by performing a 
series of cell transplantation experiments in which a single mesendoderm donor cell was 
placed into either the forming paraxial mesendoderm of a wild type host embryo at the 
onset of gastrulation  (6 hpf) or into an equivalent position in a MZoep mutant embryo 
(Fig.2.23.A). Donor cell movements were recorded by confocal microscopy throughout 
mid and late gastrulation stages (7 - 10 hpf) (Fig.2.23.B-E), allowing us to compare the 
migration of individual donor cells in the presence (Fig.2.23.B,D) or absence (Fig.2.23.C,E) 
of neighboring mesendoderm cells. 
 
Figure 2.22. Speed and similarity determined oriented movement. 
 
(A) Average instantaneous speed, average displacement speed, and displacement effectiveness of 
mesendoderm progenitors during mid gastrulation stages. (B) Instantaneous similarity of neighboring 
mesendoderm progenitor movements within a maximum distance of 20 µm. Values range from -1.0 
(opposite direction of movement) over 0 (movement vectors are orthogonal) to +1 (parallel movement).  
Histograms were generated separately for each embryo. Box plots show the distribution of the bin heights 
among the different embryos.  
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We found that single donor mesendoderm progenitors in MZoep mutants exhibited directed 
movements similar to those in wild type embryos as determined by their instantaneous 
speed  (total) and effective speed (the speed of displacement) (Fig.2.24.A-C; see paragraph 
5.14 ‘processing and statistical analysis’ of section methods). 
 
 
 
Figure 2.23. Movement of individual mesendoderm cells in wild type and MZoep mutant 
embryos.  
 
(A’) Diagram of cell transplantation experiment. Histone-488 labelled mesendoderm cells were transplanted 
from a donor embryo into either an alexa-647 labelled wild type (A) or MZoep mutant (B) host embryos at 
the onset of gastrulation (6 hpf). The migration of the cells until the end of gastrulation (10 hpf, wild type C; 
MZoep mutant D) was monitored by time-lapse confocal microscopy. Lateral view of embryos, dorsal side 
is to the left; ventral to the right; the animal pole is at the top; the vegetal pole is at the bottom. Scale bar (A) 
= 100 µm. 
Figure 2.24. Directed movement determined by instantaneous and effective speed. 
 
(A) Mean-squared-displacement (MSD) plot of individual mesendoderm donor cell movements in wild 
type (circles) and MZoep (squares) host embryos. (B,C) Average effective (B) and instantaneous (C) 
speed of individual mesendoderm donor cell movements in wild type and MZoep host embryos. 
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Moreover, single donor mesendoderm progenitors in MZoep mutants moved in a 
preferred dorsal-vegetal direction towards the emerging body axis, indistinguishable from 
single donor progenitors in wild type embryos (Fig.2.25.A,B; see paragraph 5.14 ‘processing 
and statistical analysis’ of section methods). 
 
 
 
 
 
This shows that individual mesendoderm progenitors in the absence of neighboring cells 
can undergo directed migration similar to mesendoderm progenitors undergoing 
collective migration. It further suggests that mesendoderm movement directionality 
represents an individual cell property of mesendoderm progenitors, rather than a 
collective property of these cells moving together in collective migration.  
 
In the experiments the trajectories of nuclei were followed and there fore the speed of 
movement could reflect changes in cell shape more than physical translocation. For 
instance, the tracking nuclei instead of cells can be misleading. To exclude that reduced 
directionality in E-cadherin deficient cells is due to aberrant nuclear rather then 
movements, we tracked membrane-bound YFP expressing control and e-cadherin 
morphant mesendoderm host cells transplanted into wild type host embryos. Similar to 
the nuclei tracking results, we observed less directed mesendoderm cell movements when 
E-cadherin expression was reduced (Fig.2.26), suggesting that tracking nuclei provides a 
reliable readout of cell movements in the assay system. 
 
Figure 2.25. Directionality of 
mesendoderm single cells. 
 
(A,B) Movement orientation of 
individual mesendoderm donor 
cells in wild type (A) and MZoep 
host embryos (B). 
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Even more, as a control and in order to validate the transplantation assay, we study where 
the transplanted cells end up in the embryo after gastrulation, and we observed, as was 
expectable, that cells were forming, in most of the cases, part of the mainly paraxial 
mesendoderm derivates: somites, heart and head (Fig.2.27). When we transplanted cells 
closer to the shield, into the axial mesendoderm, we observed that cells were forming part 
of the notochord or prechordal plate (axial mesendoderm derivates). These results support 
the validity of the transplantation assay. And even more this is supported by (D'Amico, 
1997) and (Kane, 2002), who describe before how early internalizing hypoblast cells will 
form anterior mesendodermal tissues, while the later internalizing cells will become 
posterior mesendoderm.  
 
 
 
 
 
 
 
Figure 2.27. Location of mesendoderm transplanted cell at 16 somites stage. 
 
FITC labelled transplanted mesendoderm cells can be observed in wild type embryos at 16 hpf. The final 
positions of the cells were in mesendoderm derivates (head mesoderm (hm) and somites (s)). Cells 
transplanted in the axial mesoderm area were placed at the notochord (nt), or prechordal plate (pp). 
Approximate developmental age in hours post-fertilization is shown in (A). Embryos are oriented with 
anterior to the top and dorsal to the right. 
Figure 2.26. Effective speed of 
membrane-bound YFP expressing cells.  
 
Effective speed of membrane-bound YFP 
expressing mesendoderm cells from cyc mRNA 
(control) and with e-cadherin MO injected 
embryos (4ng/embryo), transplanted into wild 
type donor embryos. 
RESULTS 
 
 
65 
2.11 Analysis of the role of cell-cell adhesion in the 
directionality of mesendoderm progenitor cells 
 
In addition to a cell’s intrinsic directionality, there might be external factors attributed to 
the presence of neighboring cells, particularly cell-cell adhesion, which also influence 
directionality. To address whether cell-cell adhesion is involved in determining 
movement directionality during collective mesendoderm migration, we analyzed the 
movement of mesendoderm cells with impaired cell-cell adhesion. We step-wise reduced 
E-cadherin expression levels in mesendoderm cells, as we have previously show in the 
first part of this project to be a critical component for mesendoderm cell-cell adhesion. 
 
2.11.1 E-cadherin expression in mesendoderm progenitor 
cells 
 
Cell-cell adhesion was modulated by reducing E-cadherin expression injecting discrete 
quantities of a previously described e-cadherin  (MO) (Babb and Marrs, 2004) (Krieg, 
2008). To quantify the effect of knocking-down E-cadherin expression in mesendoderm 
progenitors, we correlated the amount of injected e-cadherin MO with the amount of E-
cadherin at the plasma membrane (Fig.2.28.B). We found that the amount of E-cadherin at 
the plasma membrane scaled with the injected amount of e-cadherin MO (Fig.2.28.A), 
demonstrating a concentration-dependent effect of e-cadherin MO on E-cadherin 
expression in mesendoderm progenitors. 
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2.11.2 Cell-cell adhesion strength and cortex tension of 
mesendoderm progenitors 
 
To determine the effect of lowering E-cadherin expression on mesendoderm cell-cell 
adhesion, we correlated the amount of injected e-cadherin MO and E-cadherin at the 
plasma membrane with the cell-cell adhesion strength of mesendoderm progenitors as 
measured by single cell force spectroscopy (SCFS) (Krieg, 2008) (see paragraph 5.7 of 
section methods). We found that the cell-cell adhesion force of both homotypic (morphant-
to-morphant) and heterotypic (wild type-to-morphant) cell-cell contacts closely scaled 
with the amount of e-cadherin MO injected (Fig.2.29.A-C). Moreover, when high levels of 
e-cadherin MO (8ng/embryo) were injected, both E-cadherin expression and homotypic 
cell-cell adhesion were strongly reduced (Fig.2.29.A-C), in agreement and extending the 
previous findings of the first part of this project that E-cadherin plays an important role in 
mesendoderm cell-cell adhesion. 
Figure 2.28. Amount of E-cadherin at the plasma membrane.  
 
(A) E-cadherin at the plasma membrane of mesendoderm progenitors injected with increasing amounts of 
e-cadherin MO as determined by in vitro biotinylation. (B) Staining intensity of biotinylated E-cadherin 
in e-cadherin morphant cells is shown relative to mesendoderm wild type control cells (mean ± SD). 
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This adhesion force also scales with the amount of E-cadherin at the plasma membrane 
(Fig.2.30.A). And, in contrast, cortex tension of individual mesendoderm progenitors as 
determined by colloidal force spectroscopy (Krieg et al., 2008) remained unchanged in e-
cadherin morphant cells (Fig.2.30.B), suggesting that E-cadherin does not affect the 
stability of the cortical cytoskeleton but rather cell-cell adhesion. 
 
 
 
 
 
 
Figure 2.29.  Measurements of cell-adhesion force. 
 
(A-C) Homotypic (green) and heterotypic (red) adhesion force of mesendoderm progenitors injected with 
increasing amounts of e-cadherin morpholino for 1 sec (A), 10 sec (B) and 60 sec (D) contact time 
measured by SCFS. (see appendix 6.2 A,B). 
Figure 2.30. E-cadherin related with adhesion force and cortex tension. 
 
(A) Homotypic adhesion force as a function of the normalized E-cadherin staining intensity (as shown in 
Fig.2.28A) of wild type control and e-cadherin MO injected progenitor cells (median±MAD). (B) Cortex 
tension of mesendoderm progenitors injected with increasing amounts of e-cadherin MO. 
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2.12 Cell-cell adhesion affects the collective migration of 
mesendoderm progenitors 
 
To investigate how the demonstrated changes in the level of cell-cell adhesion affect an 
individual mesendoderm progenitor’s movement as part of a group, we used the cell 
transplantation assay, allowing us to simultaneously monitor the movements of 
mesendoderm progenitors with different adhesive strengths. Typically, a differentially 
nuclei labeled mix of control and experimental cells, ideally consisting of one cell each, 
was transplanted into the emerging paraxial mesendoderm of a wild type embryo at the 
onset of gastrulation (6 hpf) (Fig.2.31.A) and the movements of transplanted cells were 
recorded by confocal microscopy throughout mid and late gastrulation stages (7-10 hpf) 
(Fig.2.31.B, C; Movie 2). 
 
 
 
 
 
 
Figure 2.31.  Movements of transplanted mesendoderm progenitors with different adhesive 
strength. 
 
(A) Schematic representation of the transplantation experiment. Cells from donor embryos (control = 
Histone-cherry, e-cadherin morphant = Histone-Alexa488) are transplanted into a host wild type 
embryo (Alexa 647) at 50% epiboly. The migration of the cells until the end of gastrulation was 
monitored by time-lapse confocal microscopy. (B,C) Transplanted e-cadherin morphant (green) and 
wild type control (red) cells at the onset of gastrulation (6 hpf; B) and at the end of gastrulation (10 hpf; 
C). (A-C) Lateral view of embryos, dorsal side is to the left, ventral to the right, the animal pole is at the 
top and vegetal pole at the bottom. Scale bar in (A) = 100µm.  
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We found that mesendoderm progenitors with lower cell-cell adhesion displayed 
significantly less directed movements as revealed by their mean squared displacement 
(MSD) and effective movement speed (Fig.2.32.A,B (see paragraph 5.14 ‘processing and 
statistical analysis’ of section methods).  
 
 
 
 
 
 
 
 
Moreover, mesendoderm progenitors with reduced cell adhesion failed to move in a 
preferred dorsal-vegetal direction towards the emerging body axis, and instead showed 
dorsal-directed movements with little bias along the animal-vegetal axis (Fig.2.33). This 
suggests that proper cell-cell adhesion is required for the directionality of collective 
mesendoderm cell movements at mid to late gastrulation stages. 
Figure 2.32. Directionality of transplanted mesendoderm progenitors with different adhesive 
strength. 
 
(A) MSD plot of e-cadherin morphant and wild type control cells. (B) Average instantaneous (circles) and 
average effective (squares) migration speed for wild type control (red) and e-cadherin morphant (green) 
cells. Error bars = standard error of the mean. P values determined by t-test are shown above or below the 
brackets. (see appendix 6.2 C,D) 
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To investigate the relationship between mesendoderm cell-cell adhesion and movement 
directionality, we correlated homotypic and heterotypic cell-cell adhesion force with 
movement directionality. Plotting movement directionality as a function of cell-cell 
adhesion force, we found that the effective (directed) movement speed of mesendoderm 
progenitors linearly scaled with the adhesion force of both homotypic and heterotypic 
cell-cell contacts (Fig.2.34). 
Figure 2.33. Movement orientation of transplanted mesendoderm progenitors with different 
adhesive strength. 
 
(A,E) Migration directions of wild type control (red; A) and e-cadherin morphant cells (green) injected 
with 0.5ng (B), 2ng (C), 4ng (D), and 8ng (E) e-cadherin morpholino / embryo represented as angular 
histograms. Angles were calculated respect to the dorsal pointing vector originating from the embryo 
centre. N equals number of observed cells. (A,E) Average instantaneous (circles) and average effective 
(squares) migration speed for wild type control (red) and e-cadherin morphant (green) cells. Error bars = 
standard error of the mean. P values are indicated above or below the brackets. 
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This shows that mesendoderm heterotypic cell-cell adhesion strength and effective 
movement speed are tightly correlated with each other (r  = 0.96, p=0.009) suggesting 
that adhesion-mediated mechanical coupling of cells is critical for directed movement of 
mesendoderm progenitors. In contrast, the instantaneous (total) movement speed, the 
speed mesendoderm cells move independently from their movement direction, was 
hardly affected in mesendoderm progenitors with reduced cell-cell adhesion (Fig.2.32.B) 
(r = 0.58, p = 0.31). This suggests that cell-cell adhesion predominantly affects the 
directionality rather than the general motility of individual mesendoderm movement in 
collective migration. 
 
2.13 Mesendoderm movements in e-cadherin 
mutant/morphant embryos 
 
In the transplantation experiments described above, we analyzed how changes in donor 
cell adhesion interfere with their movement in host embryos with normal adhesion. To 
exclude the possibility that the observed effects in movement directionality are mere 
secondary consequences of cell sorting due to differential adhesion between donor and 
host cells, we analyzed mesendoderm movement behavior in two-photon excitation 
microscopy movies done by Lara Carvalho and in detail described in her thesis detecting 
Figure 2.34. Directionality vs. adhesion force. 
 
Average effective migration speed (mean±SEM) as 
a function of the heterotypic and homotypic 
adhesion force (median±MAD) of wild type control 
(red) and e-cadherin morphant (green) cells as 
measured in Fig.2.25D (60 sec contact time).  
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nuclei in e-cadherin mutant (Kane et al., 2005) and e-cadherin morphant embryos at mid 
gastrulation stages (7-9 hpf) (see paragraph 5.13 of section methods). We found that in both 
e-cadherin mutant and morphant embryos, movement directionality of mesendoderm 
progenitors was clearly reduced as determined by their instantaneous and displacement 
speed (Fig.2.35; Appendix 6.2), indicating that uniform reduction of cell-cell adhesion has 
similar consequences for individual mesendoderm movements as observed for 
transplanted cells with reduced adhesion. 
 
 
 
 
 
 
 
 
 
We also found that movement coordination amongst mesendoderm progenitors was 
strongly reduced in both e-cadherin mutant and morphant embryos as determined by their 
movement similarity (Fig.2.36.A-C), suggesting that movement coordination depends on 
cell-cell adhesion. (Appendix 6.1; see paragraph 5.14 ‘processing and statistical analysis’ of 
section methods) 
 
 
 
 
 
Figure 2.35. Movement of lateral mesendoderm cells in e-cadherin mutant/morphant 
embryos. 
 
(A-C) Average instantaneous speed (A), average displacement speed (B), and displacement effectiveness 
(C) of mesendoderm progenitor cell movements during mid gastrulation stages (7 – 9 hpf). Data of 6 wild 
type (red), 3 e-cadherin/ weg mutants (green) and 4 e-cadherin morphant (green) embryos are shown. 
Error bars in (A) and (B) represent the standard error of the mean, and in (C) the standard deviation. P 
values determined by t-test are shown above the brackets. The average number of tracked cells per 
embryo is 390 ± 169 in wild type, 403 ± 213 in mutant, and 380 ± 121 in morphant embryos. 
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2.14 Does E-cadherin control directed cell migration of 
mesendoderm progenitors mediating others processes than 
adhesion? 
 
The suggestion that cell-cell adhesion is critical for directed movement of mesendoderm 
progenitors is based on the observation that E-cadherin-mediated cell-cell adhesion 
strength and effective movement speed are strongly correlated with each other. However, 
this does not exclude that E-cadherin-mediated processes other than adhesion, such as 
mesendoderm cell differentiation and proliferation, are also involved. We therefore 
investigated potential adhesion-independent functions of E-cadherin in mesendoderm 
cells by analyzing the sub-cellular localization of β-catenin (Fig.2.37.A-D’) as a possible 
candidate of downstream signaling of E-cadherin (Nelson and Nusse, 2004) and N-
cadherin (Fig.2.37.E-H’), as well as cell differentiation and cell proliferation (Gumbiner, 
1996) (Fig.2.37.I), but were unable to detect any significant changes between wild type 
and E-cadherin defective mesendoderm cells. 
 
 
Figure 2.36. Movement similarity of lateral mesendoderm cells in e-cadherin 
mutant/morphant embryos.  
 
(A-C) Instantaneous similarity of neighboring mesendoderm progenitor movements within a maximum 
distance of 20 µm in wild type (A), e-cadherin/ weg mutant (B), and e-cadherin morphant (C) embryos. 
Values range from -1.0 (opposite direction of movement) over 0 (movement vectors are orthogonal) to +1 
(parallel movement).  Histograms were generated separately for each embryo. Box plots show the 
distribution of the bin heights among the different embryos. 
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These findings support the suggestion that E-cadherin functions in mesendoderm 
movement directionality by modulating cell adhesion rather that adhesion-independent 
processes. 
 
 
Figure 2.37.  E-cadherin mediating other than adhesion processes.  
 
(A-D’) Antibody staining against β-catenin and E-cadherin in wild type (wt) and e-cadherin morphant 
embryos. Epiblast (ectoderm) cells (A-D) and hypoblast cells (A’-D’) expressing β-catenin (A-D) and E-
cadherin (A’-D’) in wild type (A,A’,C,C’) and e-cadherin morphant embryo (B,B’,D,D’) at 7 hpf. An 
almost complete abolish of ecadherin molecules can be appreciate in morphant embryos while β-catenin 
keeps constant. (E-H’) Antibody staining against N-cadherin in wild type (E,E’,G,G’) and e-cadherin 
morphant (ecadMO; F,F’,H,H’) comparing embryos. Embryos were stained at 70% epiboly and pictures 
were taken in both ectoderm (E-F’) and mesendoderm (G-H’). Note that there are no differences between 
epi- and hypoblast both cases (wt and morphant) and for both staining (N-cadherin and Actin-Phalloidin). 
Lack of N-cadherin can be appreciate in the epiblast of morphant and wild type embryos. Scale bar in (A) 
12.5 µm. Scale bar in (E) = 12.5 µm. (I) Average number of cell divisions of transplanted controls 
(mesendoderm) and e-cadherin morphant cells (0.5, 2, 4, and 8ng MO/embryo) during gastrulation (from 
6 hpf to 10 hpf) (Shimizu et al., 2005)(Kane et al., 2005). 
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2.15 E-cadherin in cell-cell contact formation 
 
To determine how E-cadherin-mediated adhesion of mesendoderm progenitors controls 
movement directionality and coordination, we recorded high-magnification differential 
interference contrast (DIC) movies (see paragraph 5.12 of section methods) of lateral 
mesendoderm progenitors in wild type and e-cadherin morphant embryos from mid to 
late gastrulation (7-9 hpf). Analysis of cell morphology and movement showed that 
migrating wild type mesendoderm progenitors formed stable cell-cell contacts (Fig.2.38A, 
orange dots) and, once the contact had formed, moved only very little relative to each 
other (Fig.2.38.C). In contrast, e-cadherin morphant mesendoderm progenitors failed to 
form stable cell-cell contacts (Fig.2.38.A green dots) and restrict their movements relative 
to each other (Fig.2.38C), resulting in progenitors frequently crawling over each other, a 
behavior only rarely observed in wild type embryos (Fig.2.38D; Movies 3 y 4). 
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Figure 2.38. Cell-cell contact in wild type and e-cadherin morphant. 
 
(A) Series of consecutive images from DIC movies showing exemplary mesendoderm progenitor cell 
couplets in wild type (WT; red) and e-cadherin morphant embryos (ecadMO, green; 4 ng MO/ embryo) 
from cell-cell contact formation (-1 min) to contact separation (67 min for WT and 11 min for morphant 
cells) during their migration at mid gastrulation stages (7-9 hpf). (B) DIC image outlining the overlap area 
of representative mesendoderm couplets in wild type (wt) and e-cadherin morphant embryos (ecadMO; 4 
ng/ embryo). Cell couplets are outlined with a white line, and the overlap with a red line.  (C) Cumulated 
histogram of cell contact times of two mesendoderm cells in WT and e-cadherin morphant embryos 
(ecadMO; 4 ng/ embryo). Number of interacting cells decreases exponentially with higher contact time. 
Solid line represents as single exponential decay with a mean contact survival time t = 12.5±0.3 min and t 
= 28±1.7 min for morphant (ecadMO) and WT cells, respectively. (D) Overlap area (outline in C) 
between two mesendoderm cells in wild type and e-cadherin morphant embryos (ecadMO). Scale bar in 
(A) = 16 µm. Scale bar in (B) = 18 µm. 
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These observations suggest that E-cadherin-mediated adhesion of mesendoderm 
progenitors enhances cell-cell contact persistency and, at the same time, restrict 
movement relative to each other. 
 
2.16 Directed movement of mesendoderm cells and 
interaction with extra-embryonic tissues 
 
Cell-cell adhesion might specifically function in collective migration or, alternatively, 
have additional functions in single cell migration, e.g., regulating mesendoderm cell 
adhesion to the overlying ectoderm and/or underlying YSL. To distinguish between these 
possibilities, we transplanted a small number of differentially labeled control and e-
cadherin MO cells into MZoep mutants (lacks most mesendoderm) and analyzed their 
migratory behavior. We found that the migration directionality of transplanted single 
mesendoderm progenitors remained unchanged when E-cadherin expression was reduced 
(Fig.2.39; Movie 5), indicating that cell-cell adhesion is specifically required during 
collective migration, but is largely dispensable for single cell migration in this system. It 
also suggests that E-cadherin is not needed for cell migration per se, but is specifically 
required for directed movement during collective migration. 
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Taken together, these findings show that individual mesendoderm progenitors must 
adhere to each other to participate in directed movement during collective migration. It 
further indicates that the ability of single mesendoderm progenitors for directed migration 
is not sufficient for directed movement when part of a group.  
 
Figure 2.39. Movement of individual mesendoderm cells with reduced cell-cell adhesion in 
wild type and MZoep mutant embryos. 
 
(A) Effective displacement speed (mean ± SEM) of individual wild type control (red) and e-cadherin 
morphant (MO) donor cells (green; 4ng) transplanted into wild type or MZoep mutant host embryos. (B) 
Instantaneous movement speed (mean ± SEM) of individual wild type control (red) and e-cadherin 
morphant donor cells (green; 4ng) transplanted into wild type and MZoep mutant host embryos. (C,D) 
Angular histogram of the movement orientation of individual e-cadherin morphant donor cells (green; 
4ng) transplanted into wild type (C) or MZoep mutant host embryos (D). Error bars = standard error of the 
mean. P values determined by t-test are shown above the brackets. 
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2.17 Movement simulation of cells coupled by cell-cell 
adhesion 
 
Generally, collective migration has a cell-autonomous movement component, defined by 
the migratory activity of individual cells, and a non-autonomous (or advective) 
component, describing the translocation of individual cells by the global movement of the 
cluster (Friedl et al., 2009) (Montell, 2008). Our finding that individual mesendoderm 
progenitors in the absence of neighboring cells migrate normally indicates that directed 
migration is an individual cell property rather than being set de novo by a particular 
collective/ group property. However, once mesendoderm progenitors move as part of a 
group, cell-cell adhesion mediation of movement becomes critical to their directed 
movement. Why do cells need cell-cell adhesion to maintain their directionality when 
moving together? Individual cells, although globally moving in the same direction during 
collective migration, exhibit some degree of variability in their individual movement 
paths (Fig.2.21.B,D). This variability is reduced when cells are coupled together through 
cell-cell adhesion, resulting in more directed movements of cells adhering to each other 
compared to non-adherent cells. To determine the plausibility of this assumption, we 
have analyzed the contribution of cell-cell adhesion to collective mesendoderm migration 
in a numerical simulation performed by Nicholas Licata. In the simulation, the migration 
of mesendoderm progenitors is mediated by four different forces types (i) a short ranged 
spring force (fs) modeling cell-cell adhesion, (ii) a chemotactic force (fc) modeling 
polarized cell migration, (iii) a “Viscek” force (Fv) modeling collective migration, and a 
noise force (fn) modeling random cell migration. Using the relative differences in cell-cell 
adhesion strength between wild type control and e-cadherin morphant cells 
(Fig.2.28,29,30) to determine the spring force (fs) in the simulation, we found that 
morphant cells exhibit less directed movement compared to wild type control cells during 
collective migration (Fig.2.40.), confirming the plausibility of the experimental findings. 
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Figure 2.40. Numerical simulations of cell migration. 
 
(A) Cells are modelled as soft spheres connected by short-range springs. The spring constant K for the 
adhesive force between wild type cells is larger than the spring constant k for the heterotypic contacts 
(wild type-morphant). (B) Explanation of the Viscek force for collective cell migration. At each time 
step, a cell looks in its neighbourhood of radius R, and determines the average direction of motion of its 
neighbours during the previous step. The cell takes a step in this average direction with some random 
perturbation added. (C) A sample of 100 wild type (red) and 100 morphant (green) cell tracks from the 
simulation. In the figure, the units are chosen so that the cell diameter has a length of 1. (D) Mean-
squared displacement of wild type (red) and morphant (green) cells obtained from the simulation. 
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Discussion 
 
The main goal of this thesis was to study cell adhesion and tension properties of the germ 
layer progenitors in order to understand afterwards how these characteristics are 
contributing, intermediating, affecting or controlling in vivo the establishment of the three 
embryological germ layers: mesoderm, ectoderm and endoderm. We propose that such 
properties are needed to coordinate the intrinsic directionality of the cell layers when they 
move collectively towards the proper destination within the embryo. 
 
Relevance of this study for understanding other processes 
 
Cell movements represent a major driving force in embryonic development, tissue repair, 
and tumor metastasis (Franz et al., 2002). Studies on single motile cells in culture have lead 
to a well-establish model whereby cells move via the extension and adhesion of a leading 
edge pointed in the direction of migration and the retraction and loss of adhesion of the 
trailing edge at the rear. Here, the forces required for translocation of the cell body are 
generated at the point of contact with the flat substrate provided by the Petri dish. Current 
models for animal cell migration are dominated by the view that increased actin 
polymerization at the cell front coupled with unbending of the filaments against the cell 
membrane provide a driving force for the protrusion formation in the direction of migration. 
(Small and Resch, 2005). In these models, the function of myosin-based contraction is 
centered on retraction of the rear rather than actively participating in pseudopod formation at 
the leading edge. While these studies have been crucial in understanding the mechanics of 
cell motility, it is clear that this controlled experimental environment is very different from 
what cells experience in the 3D context of living tissues (Lecaudey and Gilmour, 2006). In 
vivo, a greater variety of modes of cell movements occur, including movements of cell 
clusters, strand, sheets, and tubes, also known as collective cell migration (Friedl et al., 
2004; Rorth, 2007). With this meticulous study relating cell tensile properties and collective 
migration we tried to provide an alternative and an effective tool to correlate single cell 
properties and its implication in cell motility in vivo. Even more, it is well known that E-
cadherin mediates cell adhesion during gastrulation, although the underlying molecular and 
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cellular mechanisms through which E-cadherin functions in this process are at the present 
unclear as well as its relation with actin-myosin cortex. With this study we contributed to a 
bit more to the understanding of the functions of this interesting and complex molecule. The 
integration of disciplines from physics (experimental and modeling) to cell biology and 
development is important to address in new ways how patterns arise in living organisms 
based on the fundamental properties of cell surfaces. 
Furthermore, there is increasing evidence that collective cell migration is common during 
invasion and metastasis of malignant tumors. The study of (Deisboeck and Couzin, 2009) 
argues that cancer systems may be capable of developing multicellular collective patterns 
that resemble evolved adaptive behavior known from other biological systems including 
collective sensing of environmental conditions and collective decision-making. 
 
Role of adhesion and cortex tension in germ layer 
progenitors segregation 
 
Cells in a tissue are remarkably similar to molecules in a liquid (Beysens et al., 2000) such 
that, to a good approximation, tissues behave like fluids. First, cells tend to aggregate in 
clusters in which the surface area of contact with the surrounding environment is minimized. 
Second, different cell populations can become sorted into two phases like immiscible fluids. 
By analogy to liquids, it is possible to define a tissue surface tension, which can explain cell 
aggregation and cell sorting. The Differential Adhesion Hypothesis (Steinberg, 2007), one 
of the most prevalent hypotheses in the field, proposes that cell sorting and tissue 
organization result from disparate adhesiveness of the participant cells. Here, we show that 
differential intercellular adhesion of germ layer progenitors alone is not sufficient to explain 
their sorting behavior and that differences in actomyosin-dependent cell cortex tension are 
critical. How can differences in cortex tension between progenitor types influence their 
behaviors? Cells sort according to their aggregate surface tension: the aggregate with the 
lower surface tension surrounds the one with the higher surface tension. Aggregate surface 
tension (σ) characterizes the tendency of the global aggregate surface area to decrease. It is 
therefore increased by the tension at the interface between cells and the medium (γCM, the 
tendency of each cell to decrease its cell-to- medium contact area) and decreased by the 
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tension at the interface between cells (γCC, the tendency of each cell to decrease its cell-to-
cell contact area; (Graner, 1993) (Fig.2.16.C)). Thus, high tension at the cell-to-medium 
interface in combination with low tension at the cell-to-cell interface causes high aggregate 
surface tension. Tension at the cell-to-cell interface (γCC), in turn, is the result of cortical 
tension minus adhesion at this interface, whereas tension at the cell-to-medium interface 
(γCM) is determined by cortical tension only (Fig.2.16.B) (Kafer et al., 2007; Lecuit and 
Lenne, 2007). For cell-cortex tension to increase aggregate surface tension and to influence 
sorting behavior, it must increase the difference between γCC and γCM: it must be higher at 
the cell-to-medium interface than the cell-to-cell interface. Similarly, cell-cell adhesion 
increases aggregate surface tension by diminishing cell-to-cell tension. It is thus important 
that both interface-specific cortex tension and differential adhesion should be taken into 
account to explain progenitor sorting, the dynamic of cell-cell contacts requires an interplay 
between adhesion and cortical tension, but the mechanisms underlying remain to be 
determined (Lecuit and Lenne, 2007). For that, it could be interesting to investigate the role 
of α- and β-catenin molecules, since some studies have shown that actin does not interact 
directly with homophilic E-cadherin complexes. Instead, α-catenin is in dynamic 
equilibrium between E-cadherin-β-catenin complex and F-actin, thereby ensuring a balance 
between anchoring and plasticity (Drees et al., 2005; Yamada et al., 2005). 
 
Role of cell adhesion in migration 
 
It is known that cell adhesion has important roles in cell recognition during embryogenesis 
as well as in cellular rearrangements, sorting and movements that drive morphogenesis 
(Halbleib and Nelson, 2006), but how or what are the mechanisms by which adhesion is 
acting are still been material of  investigation.  
Adhesion-mediated- cell-cell contact formation has previously been shown to be critical for 
collective migration of various cell types in development, including Drosophila border cells 
(Melani et al., 2008; Niewiadomska et al., 1999), the zebrafish lateral line primordium 
(Kerstetter et al., 2004; Wilson et al., 2007), and Xenopus mesoderm progenitors (Chen and 
Gumbiner, 2006). Additionally, contact inhibition has recently been shown to direct the 
coherent migration of zebrafish neural crest cells (Carmona-Fontaine et al., 2008), 
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suggesting a function for cell-cell contacts in determining the direction of coherent 
migration. Our data confirm a critical role for adhesion-mediated cell-cell contact formation 
in collective cell migration and provide novel insights into the function of cell-cell adhesion 
in this process. Importantly, we show that adhesion-mediated mechanical coupling of cells, 
in contrast to contact inhibition (Carmona-Fontaine et al., 2008), is not required to establish 
movement directionality de novo, but instead is important to coordinate the directed 
migration of individual cells undergoing collective migration. 
 
Migration in gastrulation 
 
Whether differential adhesion and tension are the only factors determining progenitor 
sorting in vivo, or whether other factors such as directed cell migration, epithelialization, 
and extracellular matrix deposition, are also involved, remain to be determined. Notably, 
none of the forming germ layers in zebrafish show obvious epithelial characteristics or 
clearly localized extracellular matrix deposition (Montero et al., 2005), leaving directed cell 
migration as the most likely process to function together with adhesion and tension in germ-
layer organization. 
 
It has been hypothesized that directionality of the movement during collective migration 
results from a collective property (Deisboeck and Couzin, 2009; Insall and Jones, 2006). 
Collective behavior has been observed in diverse biological systems, ranging from bird 
flocks and social insect colonies to the collective migration of cells in development and 
disease (Buhl et al., 2006; Deisboeck and Couzin, 2009). A hallmark of such systems is that 
the collective behavior of a group of many individuals is not necessarily explained by the 
autonomous behavior of its individual components. In this study we determine how 
movement directionality is established in collective mesendoderm migration. We have 
presented evidences that mesendoderm cells required cell-cell adhesion to participate in 
coordinated and directed migration when moving as part of a group in spite of these cells are 
capable of normal directed migration when moving as single cells. Movement directionality 
is not a de novo collective property of mesendoderm cells, but rather a property of single 
mesendoderm cells that needs to be coordinated by cell-cell adhesion during collective 
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migration. However, while cells with reduced cell-cell adhesion move in a less directed way 
than their neighboring cells with normal adhesion (Fig.2.32/2.33), it does not explain why a 
cell moving alone exhibits similar movement directionality than cells moving as a coherent 
cluster (Fig.2.24/2.25). The most likely explanation for this is that individual cells, although 
globally moving in the same direction during collective migration, when moving as part of a 
group display a higher degree of movement variability in their individual movement paths 
than a cell moving alone. The variability of one cell can interfere with the movement of its 
neighbors, which is obstructive for individual cell movement when cells are in close 
proximity to each other, but can be overcome by mechanically coupling individual cells 
through cell-cell adhesion. Our observation that movement directionality linearly scales 
with cell-cell adhesion force supports a critical role of adhesion-mediated mechanical 
coupling of cells in coordinating individual cells movements during collective migration. 
Similar observations have been made in previous studies, showing that the mechanical 
coupling of cells is important for movement coordination within multi-cellular aggregates 
(Huang et al., 2005). However, mechanical coupling of cells is unlikely to be the only factor 
influencing directed movement of individual cells during collective mesendoderm 
migration, and other cell-cell contact-mediated processes, such as contact inhibition or 
avoidance (Carmona-Fontaine et al., 2008), might play equally important roles therein. 
 
Another possibility to explain why cells could increase movement directionality when 
moving a part of a group is that positional cues guiding the migration of mesendoderm 
progenitors are less interpretable for a cell when moving as part of a group rather than alone. 
This could be e.g. caused by the binding and/or internalization of guiding cues by the 
migrating cells themselves, which reduces the availability and distribution of these cues 
within the group of co-migrating cells. Indeed, endocytosis of signaling molecules such DPP 
and FGF8 have recently been shown to alter their graded distribution within both vertebrate 
and invertebrate tissues (Entchev et al., 2000; Yu et al., 2009). Further studies identifying 
the molecules guiding mesendoderm progenitor migration and their distribution within the 
mesendoderm will be needed to elucidate the molecular mechanisms underlying collective 
versus individual progenitor cell movements. 
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Collective cell migration provides an example of how many diverse cellular functions and 
behaviors, such as cell motility, cell-cell adhesion, signaling and ECM remodeling, combine 
to produce one concerted outcome: multicellular migration, that contributes to building and 
maintaining patterned and functional tissues. Still, many of the underlying mechanisms 
remain to be elucidated, e.g. how the mechanical and chemical inputs from neighboring 
cells become integrated to allow the multicellular movement. A complete understanding of 
this complex will be therefore required a multi-disciplinary approach. E.g., on the imaging 
side, it will be essential to develop probes that allow the mechanical activation of 
biochemical pathways to be monitored and quantified within living embryos. Recent 
developments show great promise in this regard, such as FRET probes that can monitor e.g., 
the dynamics of SRC activation upon mechanical simulations (Wang et al., 2005). 
 
The collective behavior of cells has been hypothesized to share key features with collective 
animal behaviors such as swarming (Deisboeck and Couzin, 2009). Theoretical and 
experimental studies have suggested that mass-migrating groups can rapidly switch from 
disordered individual movement to highly aligned collective motion when a specific critical 
group density has been reached (Buhl et al., 2006). Assuming that such group-level behavior 
represents a general principle underlying collective motion, independent of the actual types 
of individuals involved, it is conceivable that cell density is critical for mesendoderm 
progenitors to switch from disordered to highly aligned and directed migration. The strong 
likelihood that cell-cell adhesion affects mesendoderm density supports the interesting 
possibility that, analogous to mass-migrating animal groups, adhesion controls the 
directionality of individual mesendoderm movements in collective migration by determining 
the cellular density. Future studies addressing the functional relationship between cell-cell 
adhesion and cell density, and the effect of density on collective mesendoderm migration, 
will be needed to elucidate the common and divergent aspects of collective cell and animal 
motion.  
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Extracellular matrix and cell migration 
 
In Xenopus, normal levels of C-cadherin expression are required for integrin-dependent 
FN matrix assembly, which in turn is essential for normal radial cell intercalations and 
CE movements (Winklbauer et al., 1996). Conversely, Integrin activation alters C-
cadherin activity and thereby promotes cellular motility during gastrulation (Marsden and 
DeSimone, 2003). Interestingly, it has also been shown that Integrin signaling is required 
for the localization of Dsh to the plasma membrane, and that this localization coincides 
with the activation of the non-canonical Wnt signaling pathway (Marsden and DeSimone, 
2001). This observation suggests that Integrin and the non-canonical Wnt signaling 
pathways cooperate in regulating CE movements during gastrulation. However, the 
molecular mechanisms by which Cadherin and/or Integrin adhesive activity are 
controlled remain to be elucidated. 
 
During zebrafish gastrulation epiblast and hypoblast layer move one on top of each other 
and exhibit differential expression of E-cadherin proteins (Fig.2.7). But does exist a 
mechanism by which E-cadherin mediated cell-cell adhesion and control the movement 
between this two layers? Presumably, the role of Cadherins during this process is to 
maintain the integrity of specific groups of cells. But another possibility is that epiblast 
and hypoblast cells do not move by directly contacting each other. Instead, cells at the 
border between the two layers might secrete extracellular matrix protein such as FN, 
which is then being used by both cell types as a substrate. In Xenopus, FN is required for 
radial cell intercalations during epiboly, the movement of mesodermal cells after 
involution, and CE movements at later stages of gastrulation (Marsden and DeSimone, 
2001; Winklbauer and Keller, 1996). The function of FN appears to be mediated by 
Integrin β1 receptors, which in turn can activated C-cadherin at the plasma membrane 
(Marsden and DeSimone, 2003). Preliminary studies on zebrafish suggest that FN also 
plays an important role in the regulation of gastrulation movements (Trinh le and 
Stainier, 2004). More in detail studies will help to address the relation between FN and 
Cadherins during zebrafish gastrulation. 
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Other points to take in account 
 
Many studies with Cadherins have shown a wide diversity of processes where such 
molecules are implicated. such processes could be also investigated for their implication in 
zebrafish movements and in order to expand or continue the work of this thesis. 
These processes can be, e.g., the implication of cell polarity, polarization of the cell motility 
apparatus is a crucial first step for migration of cell population in contexts such as 
morphogenesis and wound healing. During migratory polarization, many structures, 
including the centrosome, Golgi complex, lamellipodial, and microtubules, organize 
towards the leading edge of the cell, whereas other structures, including the nucleus, stress 
fibres and mature focal adhesions, localized towards the cell rear (Lauffenburger and 
Horwitz, 1996; Ridley et al., 2003). The study of (Desai et al., 2009) shown that cell 
adhesion of NRK-52E cells mediated by E-cadherin trigger cell polarity, the cell-cell contact 
induced displacement of the nucleus towards the contact, and also caused centrosomal 
reorientation and lamellipodial ruffling to the distal side of the nucleus. Upon release from 
micro patterned constraints, cells exhibited directed migration away from the cell-cell 
contact.  
During zebrafish gastrulation both, epiblast and hypoblast cells show very dynamic changes 
in their individual cell morphology. However, during the course of gastrulation, in contrast 
to epithelial cells that are polarized along their apical-basolateral axis, no stable polarization 
can be seen in zebrafish gastrulation cells. Instead, hypoblast cells exhibit some transient 
elongation along the direction of their individual cell movement. But are these hypoblast 
cells clearly polarized on a molecular level during gastrulation? Different components of the 
non-canonical Wnt signaling pathway have been implicated in the regulation of cell 
polarization of Xenopus and zebrafish (Ulrich et al., 2003; Wallingford et al., 2000). An 
interesting investigation would be to see the involvement and intracellular localization of 
potential downstream and upstream interaction partners of E-cadherin, such as the small 
GTPases RhoA, Rac and Cdc42, which are central mediators of actin-cytoskeleton 
reorganization. As well as the involvement or reorganization of the cytoskeleton in the cell-
cell contact. The study of (Yamada and Nelson, 2007) shows how in epithelial cells Rac1 
and RhoA regulate actin dynamics during de novo contact formation between pairs of 
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epithelial cells. Active Rac1, the Arp2/3 complex, and lamellipodial are initially localized to 
de novo contacts but rapidly diminish as E-cadherin accumulates. 
 
Another important aspect in collective cell migration is the response of the cells to 
chemoattractant, this signal that induce the polarization and directed movement of cells 
secondary to the activation of multiple effector pathways (Kriebel et al., 2008). FGF 
components are know to participate in this process, since FGF is related to β-catenin in 
zebrafish (Maegawa et al., 2006) also it could be interesting to investigate more in detail if 
the migration of the mesendoderm cells is directed by chemotaxis and which is the link with 
the adhesion activity. It is also known that chemokine signaling controls endodermal 
migration during gastrulation (Nair and Schilling, 2008). Moreover, it is known that a Bmp 
gradient determines the direction of lateral mesodermal cell migration during dorsal 
convergence in the zebrafish gastrula (von der Hardt et al., 2007). It requires Bmp signal 
transduction through Alk8 and Smad5 to negatively regulate Ca2+/Cadherin-dependent cell-
cell adhesiveness. Try to elucidate the connections between the implicated pathways can 
also be a hard but exciting investigation that can provide a lot of information about the cell 
rearrangements that are occurring during gastrulation.    
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Materials 
 
4.1    Fish strains 
 
The wild type strain used to do the work for this thesis was TL (Tupfel long fin, as well 
called TLF, Tup or Tuebingen Long Fin), and the lab of origin is the Nüsslein-Volhard 
laboratory. The following mutant or transgenic fish were used: 
 
Mutant/Transgenic 
name 
Gene Allele Ref./Source 
MZoep one-eyed pinhead oeptz257/tz257 (Zhang et al., 1998) 
MZoep-Ras-GFP one-eyed pinhead oeptz257/tz257 Mpi-cbg cross mzoep-ras 
cdh1 (wegtx230) Half-baked/E-cadherin1 habtx230 (Kane et al., 2005) 
Tg(Sox17-GFP) sox17 GFP under 
sox17-promotor 
(Sakaguchi et al., 2006) 
wt-gsc-GFP goosecoid GFP under gsc-
promotor  
H.Roehl/C.Nüsslein-
Volhard 
Wt-Ras-GFP Tg(β-actin:HRAS-EGFP) GFP under β-
actin- promotor 
(Cooper et al., 2005) 
WT-H2-GFP Histone2   
Table1 
 
4.2    Plasmids and constructs 
 
Several DNA constructs were used for generation of in situ hybridization probes and 
mRNA for injection. In, general, construct used for probes were based on pBluescript II 
SK+ vector (Stratagene, USA), while constructs used for mRNA for injection were based 
on pCS2+ vector (provided by D. Turner, Washington). 
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Plasmids for mRNA synthesis for injection 
 
Name of the 
plasmid 
Gene Used 
Mass 
Activity Ref./Source 
cyc cyclops (ndr2) 100 pg Nodal signal (Rebagliati et al., 
1998) 
cas casanova 50 pg Endoderm 
expression 
(Kikuchi et al., 
2001) 
da-tarA* Constitutive active 
form of taramA 
25 pg Endoderm 
expression 
Y.Kikuchi, Nagoya 
Univ. Japan 
dn-rok2 Dominant negative 
form of rok kinase 
250 pg Decrease of myosin 
activation 
(Marlow et al., 
2002) 
dn-MRLC2a Dom. neg. form of 
myosin light chain 
kinase 
250 pg Decrease of myosin 
activation 
D. Sepich  
H2A-zf::mcherry H2A (histone) 100 pg Marker for histone 
2 proteins 
P. Campinho 
Lyn-YFP Lyn 50 pg Membranes marker 
(myriostoylation) 
 
Gap43-GFP Growth-associated 
protein-43 
(mammalian) 
50 pg Membranes marker 
(Palmitoylation) 
M. Concha 
Tau-GFP Tau (bovine) 50 pg Microtubules 
marker 
(Geldmacher-Voss 
et al., 2003) 
 
Table 2 
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Plasmids for anti sense riboprobes 
 
Name Vector Marker for: Ref./Source 
gsc (goosecoid) pBbluescript SK+ Anterior axial mesoderm (Thisse et al., 2004) 
ntl (no tail) pBluescript SK+ Dorsal mesoderm (Schulte-Merker et al., 
1994) 
flh (floating head; 
pZnot9) 
pBluescript SK+ Axial mesoderm David Kimelman 
(University of Washington) 
sox17 (SRY-box 
containing gene 17) 
pCRII Presumptive endoderm Made in house (mpi-cbg) 
by M.Rhinn 
gata2 (GATA-
binding protein 2a) 
pBluescript SK+ Presumptive ectoderm (Dee et al., 2007) 
mezzo (og9x 
homeobox gene) 
pBluescript SK+ Presumptive endoderm (Kunwar et al., 2003) 
Table 3 
 
 
4.3 Morpholino oligonucleotides 
 
All morpholino oligonucleotides used in this study were designed according to Gene 
Tools targeting guidelines and synthesized by Gene Tools (Gene Tools, Philomath, OR). 
Morpholinos were used to specifically knock down the translation of specific mRNAs. e-
cadherin1/cadherin1 (cdh1) morpholino was described previously by (Babb and Marrs, 
2004) and casanova (cas1) morpholino was described by (Sakaguchi et al., 2001).  
 
 
Name Target site Used Mass Activity Sequence 
cdh1-
MO 
From ATG 
transcriptional 
codon 
0.5, 2, 4 and 
8 ng 
Inhibition of 
cell adhesion 
5’-ATCCCACAGTTGTTACACAAGCCAT-3’ 
cas1-
MO 
From ATG 
transcriptional 
codon 
2 ng Inhibition of 
endoderm 
formation 
5’-GCATCCGGTCGAGATACATGCTGTT-3’ 
Table 4 
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 4.4   Molecular biological reagents 
 
All used restriction enzymes were purchased from New England Biolabs (NEB). The 
used polymerases (Pfu and Taq), DNA ladder (mass ruler, ready to use) and RNA ladder 
were purchased from MBI-Fermentas. Polymerases (Sp6, T7) for mRNA synthesis were 
from mMessage mMachine. 
 
Molecular biological kits used 
 
Name of the Kit Company Application 
Message Machine Kit Ambion Synthesis of mRNA for injection 
Mini/Midi-prep Kit Qiagen Small/big scale purification of plasmid DNA 
from bacteria cultures 
PCR purification Kit Qiagen Purification of PCR and digestion products 
TOPO-Cloning Kit Invitrogen Sub-cloning of DNA fragments 
Gel extraction Kit Qiagen Purification of DNA from agarose gels 
DIG labeling Kit Roche Diagnostics DIG RNA labeling mix. Synthesis of in situ 
hybridization probes 
Cell surface biotinylation kit Pierce 
Biotechnology 
Biotinylation of membrane proteins 
BCA test Pierce Estimation of total protein content  
1:1 ECL kit Amersham 
Bioscience 
Detection of Antibodies 
Table 5 
Antibodies 
 
Antibodies were used for whole mount antibody staining of fixed zebrafish explants and 
diluted according to the working dilutions listed in the table. Anti-DIG antibody was used 
for in situ hybridization. For the antibodies used in biotynilation assays the concentration 
is also indicated in Table 6. 
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Name Type Host Source             Working 
dilution 
E-cadherin polyclonal rabbit MPI-CBG antibody 
facility 
1:200 
(staining); 
1/10000 (WB) 
β-catenin monoclonal mouse Sigma (15B8) 1:600 
N-cadherin polyclonal rabbit Made in house (mpi-
cbg) P. Stockinger  
1:200 
Pan-Cadherin polyclonal  rabbit Sigma  (C3678) 1:1000 
(staining); 
1:5000 (WB) 
α-tubulin antibody monoclonal mouse Sigma 1:2000 (WB) 
phospho-myosin 
Light chain (ser19)  
polyclonal rabbit Cell Signaling (3671) 1:200 
Alexa Fluor 488 anti-
rabbit 
goat polyclonal rabbit IgGs Invitrogen (A11008) 1:1000 
Alexa Fluor 488 anti-
mouse 
Goat polyclonal Mouse IgG 
(H+L) 
Molecular Probes (A-
11001) 
1:500 
Cy5-conjugated anti-
rabbit IgG 
goat polyclonal rabbit IgGs Jackson (111-175-
003) 
1:500 
Anti-DIG antibody   Roche Diagnostics 1:5000 
HRP-coupled 
donkey-α-rabbit 
secondary rabbit Amersham 
Bioscience 
1/2000 (WB) 
Table 6 
 
Cloning of DNA 
 
The reagents and buffers for PCR, digestions and purifications were used according to the 
instructions of the used kits listed in Table 5. Competent cells were transformed into SOC 
medium, plated in ampicillin resistant in LB agar plates and growth in LB medium+Amp. 
 
LB 10g tryptone, 5g yeast extract, 10g NaCl, adjusted with distilled or 
deionized water until 1l. pH 7.5-8 adjusted with sodium hydroxide 
LB+Amp LB + Ampicillin. Used 500µl for 500 ml LB 
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SOC 2%w/v bacto-tryptone, 0.5% w/v bacto-yeast extract, 8.56mM 
NaCl or 10mM NaCl, 2.5mM KCl, 10mM MgCl2, 20mM glucose, 
ddH2O to 1000ml 
Competent cells E. coli strain DH5α / top 10 cells. Invitrogen  
 
4.5    Solutions and chemicals: reagents and buffers 
 
All chemicals, if not noted otherwise, where purchased from Applichem, Merck, Roth 
and Sigma. Agarose was purchased from Ivitrogen (UltraPureTMAgarose) and dissolved 
always in E3 media for embryos maintenance or in TAE for electrophoresis gels. 
 
Embryos maintenance  
 
E3 media 5mM NaCl; 0.17mM KCl; 0.33mM CaCl2 x 2H2O; 
0.33mM MgSO4 x 7H2O; 0.2%o methylene blue; pH 6.5. 
Used 1x 
E2 media 15mM NaCl; 0.5mM KCl; 2.7mM CaCl2; 1.0mM MgSO4; 
0.7M NaHCO3; 10mM Hepes; pH 6.5. Used 1x 
Danieau’s buffer 58mM NaCl; 0.7mM KCl; 0.4mM MgSO4; 0.6mM 
Ca(NO3)2; 5mM Hepes; pH 7.6. Used 1x 
Penicillin/Streptomycin 10000 units penicillin/ml and 10000µg/ml streptomycin 
(Invitrogen) 
 
In Situ hybridization 
 
Hyb+ 50% deionized formamid; 5% SSC; 0.1% Tween20 (Sigma 
Ultra, Aldrich); 0.5mg/ml Torula (yeast, Sigma) RNA; 
50µg/ml heparin; pH 6.0 (adjusted by adding 92µl 1M 
citric acid per 10ml Hyb+) 
MAB 150mM NaCl; 100mM maleic acid; pH 7.5 
MABT 0.1% Tween20 in MAB 
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SSC (20x) 300mM NaCl; 300mM Na-citrate; pH 7.0 
SSCT 0.1% Tween20 in 2x or 0.2x SSC.  
PBS 1.7mM KH2PO4; 5.2mM Na2HPO4; 150mM NaCl 
PBST 0.1% Tween20 in 1x PBS 
PBSTT 0.1% Tween20; 0.1% Triton (X-100 pure, Serva) in 1x PBS 
PFA 4% 4% (w/v) paraformaldehyde; 81mM Na2HPO4; 19mM 
NaH2PO4 
BM purple Precipitating substrate. Roche Diagnostics, Germany 
DIG block 2% blocking reagent (Roche) dissolved in MABT 
MeOH Methanol, Merck 
 
Electrophoresis gels 
 
Agarose used at 1%  
TAE buffer Tris 0.4M; 0.2M Acetic acid;  0.01M EDTA-Na2-Salt. Add 
H2O and adjust pH to 8.5 using KOH. Used 1x 
TBE buffer 108g Tris base; 55g boric acid; 3.7g EDTA-Na2-Salt. Add 
H2O and adjust pH to 8.0 using NaOH Used 1x (89mM 
Tris-Borate/2mM EDTA)  
Loading Dye 6x orange loading dye solution. Used 1x. MBI-Fermentas 
DNA Ladder Mix, from 80 to 10000 bp. Ready to use (MassRulerTM, 
Fermentas) 
RNA Ladder  High range, from 200 to 6000 bases. Ready to use. 
(MassRulerTM, Fermentas) 
 
 
Antibody Stain 
 
NGS Normal goat serum. Invitrogen 
BSA Bovine serum albumin. Used 1%  
PFA 2% or 4% (see composition above) 
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PBT 0.1% Triton in 1x PBS 
PBTTG 0.5% Triton; 0.5% Tween20; 100mM glicine; in 1x PBS 
PBTT 0.5% Triton; 0.5% Tween20, in 1x PBS 
Block solution 1x PBS; 0.1% triton; 1% DMSO (Sigma); 1% NGS; H2O 
Block solution 1x PBS; 0.5% triton; 0.5% tween20; 1% DMSO (Sigma); 
1% BSA; H2O 
Rhodamine phalloidin In MeOH. Used 1:100. Invitrogen 
 
Cell Culture 
 
Pronase (2mg/ml) Pronase from Streptomyces griseus (Roche,Germany) in 1x 
E2 medium  
Cell culture medium 1/10 from the powder of 1 package D-MEM/F-12 (1:1), 
1ml of penicillin (10000 U/ml) and 10000µg/ml 
streptomycin, pH 7.4. Gibco (Invitrogen GmbH)  
Dissociation buffer Carbonate-free D-MEM/F-12 (1:1); 15mM Hepes; 5mM 
EGTA; penicillin (100 U/ml); streptomycin (0.1mg/ml); 
Gibco (Invitrogen GmbH) 
Medium for hanging drop D-MEM; penicillin (100 U/ml); streptomycin (0.1mg/ml); 
Gibco (Invitrogen GmbH) 
Medium for explants  de-gassed CO2-independent medium (Gibco-BRL, NY) 
 
½ Ringer solution w/o Ca2+ NaCl 0.9g, KCl 0.042g, H2O 100 ml.  
 
 
AFM 
 
Concanavalin A  Used 2.5mg/ml. Sigma 
Inactivated FCS  heat inactivated fetal calf serum 50µl. Invitrogen 
Methyltriethoxylame  Used 1%. Sigma 
Hexane   Fluka 
Pluronic F127   Used 1%. Sigma 
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In vitro biotinylation 
 
½x Ginzburg fish ringer 55mM NaCl, 1.8mM KCl, 1.25mM NaHCO3 (w/o Ca2+)  
NHS-biotin solution Amine-reactive NSH ester group. Used 1mg/ml 
TBS 50mM Tris; 150mM NaCl; adjust pH with HCl to pH 7.6. 
Used 1x 
Quench solution Used according to kit instructions 
Lysis buffer Used according to kit instructions 
Protease inhibitor Used according to kit instructions 
Streptavidin Tertrameric protein which binds to biotin. Used according 
to kit instruction  
DTT-SDS solution 50mM DTT in 1x SDS   
 
Sorting assay (Hanging drop) 
 
(-)-Blebbistatin     Inactivation of Myosin II. 50µM used. CalBioChem 
(+)-Blebbistatin  Inactivation of Myosin II (Control). Used 50µM 
CalBioChem 
Cytochalasin D  Inhibitor of actin polimerization. Used10mM. Sigma-
Aldrich 
Recombinant activin Used 100ng/ml. Sigma 
BDM     Inhibitor actomyosin ATPase. 20mM used. CalBioChem 
EDTA Chelating agent affecting cell adhesion. Used 5mM. Gibco 
(Invitrogen GmbH) 
EGTA Chelating agent affecting cell adhesion. Used 5mM. Sigma- 
Aldrich 
 
 
Dyes and fluorescent proteins 
 
Alexa Fluor 647 10.000 MW, anionic, fixable. Used 0.5%. Invitrogen, 
Molecular Probes, USA 
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Alexa Fluor 680 10.000 MW, anionic, fixable. Used 1/10. Invitrogen, 
Molecular Probes, USA 
 
FITC Dextran fluorescein, 2.000.000 MW; solved in 0.2M KCl 
and used 10mg/ml, , Molecular Probes, USA 
TRITC Dextran tetramethylrhodamine, 2.000.000 MW, lysine 
fixable. Used 1mg/ml; Molecular Probes, USA 
Histone Histone H1 Alexa Fluor@488 conjugated. Used 1mg/ml. 
H13188, Invitrogen  
 
4.6   Technical equipment 
 
Injection gadget 
 
Microinjector PV820 and Pico-Pump with foot pedal trigger from World 
Precision Instrument (WPI) 
Magnet holder MB-B (Kanetec) 
Metal plate To stabilize magnet holder 
Micromanipulator Narishige MV-151 
Micropipette holder MN-151; WPI 
Borosilicate Glass capillary Harvard Apparatus GC100F-15 outer/inner diameter 
1mm/0.58mm 
Mineral oil Sigma-Aldrich 
Micro-scale Fine Science Tools 
Needle puller Flaming/Brown, P87 Sutter Instruments 
 
 
Transplantation gadget 
 
Micromanipulator  Narishige MN-151; Narishige MO-155 
Magnet holder   MB-B (Kanetec) 
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Gold-plated brass handle ¼ diameter. WPI 
Micropipette holder  MPH3; OD 1.2 mm. WPI 
Glass capillary GC100T-10, Ends firepolished; ES-blastocyst injection 
needle with spike, straight, size: 20µm. BioMedical 
Instruments 
Pump syringe (1ml) for generating positive and negative air pressure (BD-Luer-
LokTM, Singapore) 
Plastic PE-tubing connecting the syringe and the pipette holder by two blunt 
ended and sanded needles. Internal diameter: 0.58 mm. 
External diameter: 0.96 mm. 
 
Mounting gadget 
 
Glass rings   Fisher scientific MNK-145-030K 
Silicone grease  Beckmann 
Microscope slides  76x26x1mm Marienfeld (Laboratory Glassware, Germany) 
Cover slips   22x22x#1 (0.13-0.16mm) Menzel-Gläser (Germany) 
Glass pipettes   150mm for dechorionation; 230mm for cell culture 
24-well plates   For in situs. Nunclon Surface (Denmark) 
Plexiglass mould  To imprint circles in agarose. Made in house (mpi-cbg) 
Agarose   Used 0.5-1% 
 
AFM gadget 
 
Plasma-activated cantilevers  Veeco MLCT 
Plasma-activated microscope slices GoldSeal 
Coating mask    nAmbition 
Glass bead    5 µm, Kisker, Biotech 
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Microscopes 
 
Dissecting microscopes Leica MZ 125 
 
Olympus SZX12 with UV-lamp and Q-imagin 32-0109A-
535 micropublisher 5.0 RTV camara. 
 
Confocal microscopes Zeiss LSM-META 510. 10x/0.45 Apo 
 
Bio-Rad-Radiance 2000 2-Photon. 20x/0.75 Plan-Fluor. 
40x/0.8 W Nikon-Fluor 
 
Leica SP5 with large incubation chamber for Ta adjustment. 
HC PL APO L U_V_I 20x/0.5 water (dipping). HCX APO 
L U_V_I 10x/0.3 Water (dipping) 
 
Zeiss Axiovert 200 M with EXFO X-cite 120, 5x lens, 
470[40]BP/525[50]BP and 546[12]BP/575LP 
exitation/emission filters. CoolSnap CCD camera (Roper 
Scientific, 4.6x4.6 µm2, bit pixel).  
 
Atomic force microscope JPK Nanowizard microscope (JPK Instruments, Berlin) on 
top of an Axiovert 200 inverted micoscope (Carl Zeiss, 
Jena) 
 
DIC Differential interference contrast microscopy. Zeiss 
Axioplan2. Zeiss lens 40x/0.1 Water (dipping). Qimagin 
Retiga-SRV fast 1394 camera 
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Other machines 
 
Fotoelectroforesis Bio-vision + 3026 WL/LC 26LMX Gel DocSystem. Vilver 
Lourmat 
Spectrophotometer UV/visible spectrophotometer. Ultrospect 2100 pro. 
Amersham Biosciences 
PCR machine GeneAmp®PCR System 9700. Applied Biosystem 
 
4.7    Software 
 
Microsoft   Word, Excel, Power-Pint 
Adobe    Photoshop, Illustrator 
Statistic analysis  IgorPro  
Image analysis Imaris 6.2.0, custom-built nuclei tracking software 
(Carvalho et al., 2009), Volocity (Improvision, UK), 
ImageJ, and Fiji  
QCapture 
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Methods 
 
5.1 Embryo staging and maintenance 
 
Fish maintenance and embryo collection was carried out as described (Westerfield, 
2000). Embryos were grown at 31°C in E3 medium when kept inside their chorion or in 
Danieau’s buffer 1x with 0.5% of a mixture of penicillin and streptomycin after 
dechorionation until the desire stage. Embryos were staged according to morphological 
criteria described by (Kimmel et al., 1995). Wild type embryos were taken from TL 
(Tupfel long fin) background. Maternal zygotic one-eyed pinhead (oepzl) (Zhang et al., 
1998) mutants were maintained in a WIK (wild type Indian Klein) background. By 
injection in one cell stage embryos of specific molecules such as mRNAs, morpholinos or 
fluorophores, the cell fate, composition or color of the embryonic cells were changed. 
 
5.2 Preparation of molecular materials 
 
Generation of plasmids for mRNA  
 
The cloning of DNA fragments was performed according to standard protocols described 
in Sambrook and Russell (2001). The used commercial kits are listed material section 4.4 
Table 5 and used according to manufacturer’s instructions. Briefly, the cDNA was 
amplified by PCR using a cDNA-library of shield and bud stage embryos followed by 
sub-cloning into pCS2+ expression vector for synthesizing synthetic mRNA for 
microinjection and into Bluescript for synthesizing anti-sense RNA probes for in situ 
hybridization. 
 
Synthesis of poly (A) mRNA  
 
In vitro transcribed mRNAs need several properties, such a 5’-methylguanosyl cap and a 
poly(A) tail, to ensure efficient translation upon injection; several vectors have been 
developed specifically for this aim. They have promoters for two phage-derived RNA 
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polymerases (SP6, T7 or T3) separated by a multiple cloning site to allow insertion of 
cDNA sequences. The inserted cDNA has an RNA polymerase promoter at either end, 
allowing the transcription of both the sense and the anti-sense strand. In this study DNA 
from a pCS2+ expression vector containing the desired insert was used. The pCS2+ 
plasmid contains a restriction site after the poly (A) signal, which, after mRNA injection 
into the embryo, mediates the generation of a poly (A) tail at the end of synthetic mRNA, 
making it more stable. The plasmid was linearized by digestion with the corresponding 
restriction enzyme for 3-4 hours at 37°C. The linearized DNA was purified using a PCR 
purification kit according to manufacturer’s instructions; the DNA was eluted in RNase-
free water and stored at -20°C. Linearized plasmid DNA was taken as a template to 
synthesize mRNA in vitro using SP6 or T7 polymerase (depending on the promotor) 
reaction. This was performed using the mMessage mMachine kit following the 
manufacturer’s instructions. To check if the reactions worked properly 1µl of each step 
was checked on a 1% agarose gel electrophoresis together with a RNA or DNA ladder 
(Fig.5.1) and the concentration determined using a UV spectrometer with absorbance at 
260nm. 
 
Stock mRNA solutions with a concentration of 1µg/µl were stored at -20°C or -80°C. To 
prepare the mRNA dilution for injection, the stock was melted and diluted on ice using 
RNase-free water. The constructs used for mRNA and anti sense mRNA synthesis are 
described in material section 4.2 Table 2 and 3. 
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5.3   Microinjection of mRNA and morpholinos into 
embryos 
 
The development of techniques to introduce and express recombinant DNA constructs is 
an important step in the establishment of any genetic model system. Such constructs can 
be used to express proteins transiently during development or to produce transgenic lines 
that express the construct in subsequent generations. Transformation allows one to assay 
the effects of expressing molecules in particular embryonic domains or at different time 
points during development. In addition, transgene constructs that express marker genes 
such as the green fluorescent protein (GFP) under the control tissue of specific enhancers 
lead to the marking of particular cell types and greatly simplify the observation of these 
cells during morphogenesis. One very important use for transformation will be in the 
rescue of embryonic phenotypes by the microinjection of candidate genomic regions or 
cDNAs. Microinjection of zebrafish embryos is a technique to introduce nucleic acids 
into embryos; microinjection gives a high survival rate and reproducible results and 
allows the quick assessment of the effects of particular molecules.  
Figure 5.1. Synthesis of mRNAs.  
 
(A) Example of a 1% agarose gel containing from the left to the right DNA ladder, DNA into pCS2+vector, 
linearized vector, linearized vector after cleaning with the PCR purification kit, RNA ladder, transcript of 
mRNA, mRNA after incubation with 1µl of DNase and the final amount of mRNA after cleaning with the 
Quiagen RNAeasy RNA purification kit or, alternatively, after precipitation with LiCh. (B) Sizes of the 
RiboRulerTM high range RNA ladder. (C) Sizes of the MassRulerTM DNA ladder mix. 
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The breakthrough in zebrafish reverse genetics came with the discovery that a type of 
synthetic anti sense oligo, known as a morpholino (MO), can be used to efficiently 
‘knockdown’ gene activity in zebrafish embryos. MOs are chemically modified 
oligonucleotides that are able to bind to mRNAs with high affinity and efficiently prevent 
their translation. They consist of subunits that contain either of the four bases (A, C, G, or 
T) linked to a hexamer ‘morpholine ring’, hence the name, and these morpholine rings 
are connected via phosphorodiamidate inter-subunit linkages. Unlike nucleic acids, they 
are uncharged and are apparently non-toxic, even when injected at high concentrations, 
and the ability to inject such large amounts may be the secret of their success. MO 
injection results in phenotypes that are identical to those observed from null mutations. 
MOs can be used to eliminate the function of genes acting early in development, 
including maternally localized messages, and the effect can be completely penetrant 
throughout the 2 first days of development. Furthermore, weaker phenotypes could be 
observed by injecting lower amounts of morpholino, suggesting that the technique can be 
used to generate the equivalent of an allelic series (Zebrafish. A practical approach. C. 
Nüsselleis-Volhard, R. Dahm). 
 
Preparation of the injection needle 
 
The injection needles were prepared from glass capillaries. The desired shape of the 
needle was obtained using a needle puller and carefully cutting the tip of the needle with 
clean and sharp forceps. The injection needle was loaded with 2 µl of solution, placed on 
a micropipette holder and mounted on a micromanipulator (Fig.5.2.A). The micropipette 
holder was connected to a pneumatic pico pump that allowed the injection of a drop of 
approximately 0.5 nl (=500 pl) by regulating the pulse duration of the pressure. The drop 
size was calibrated to a diameter of 100 µm (0.1 mm) measuring the drop-size by 
injecting into air or oil, close to a scale bar (Fig.5.2B-C’). The loaded injection needles 
were kept in a humid box on ice. 
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Injection of mRNA, MOs and dyes 
 
For injection, one-cell stage embryos, stored in E3 media, were lined up on the edge of a 
glass slide placed into the lid of a Petri-dish (Fig.5.3.B). The remaining liquid was 
removed, therefore the slice adheres on the Petri-dish via capillary force, and the embryos 
were stably positioned at the edge of the slice. A defined drop size was injected through 
the chorion into the yolk just underneath the forming first cell or, alternatively, directly 
into the cell in case the molecule of injection is too big or it can’t diffuse easily 
(Fig.5.3.C). For injection of a concentration series, either one or two drops were injected 
using the same needle. MOs were incubated for 10 min at 65°C to dissolve precipitations 
followed by 5 minutes of centrifugation. During the injection procedure the MO was kept 
at room temperature  (25°C) to prevent precipitation. 
 
Figure 5.2. Microinjection equipment. 
 
(A) Microinjections are done under normal 
stereomicroscopes by using glass 
capillaries (1) connected to a pump (4) 
through a micropipette holder (2) which is 
held by a micromanipulator (3). Black 
arrow indicating the micro-scale used to 
calibrate the drop volume. (B) Detail of the 
micro-scale used to measure the drop size 
for injection, it is covered with mineral oil 
on order to obtain a sphere. (C) The total 
length of the scale is 1mm which is divided 
100 times; the smaller measurement is 
0.01mm. A needle producing a drop can be 
observed (C’) Detail of a drop of a volume 
of  0.5 nl (=500 pl).  
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To generate mesendoderm progenitors embryos were injected with cyclops mRNA (100 
pg), cyclops encodes a nodal-related transforming growth factor-β (TGFβ) signal 
required for mesendoderm formation and patterning in zebrafish (Dougan et al., 2003; 
Sampath et al., 1998; Schier and Shen, 2000). To produce endoderm and mesoderm 
progenitors, embryos were injected with casanova mRNA (50 pg) or cyclops mRNA 
(100 pg) + casanova MO (2 ng) respectively. To reduce E-cadherin expression discrete 
concentrations (0.5-8 ng/ embryo) of a previously described e-cadherin MO (Babb and 
Marrs, 2004)  were injected into one-cell stage embryos. 
 
To interfere with actomyosin activation, a dominant-negative version of Rho kinase 2, an 
upstream regulator of acto-myosin activity (Marlow et al., 2002), was expressed by 
injecting dnrok2 mRNA (350 pg). To reduce cortex tension it was injected 250 pg of 
dnmrlc2a mRNA a dominant-negative version of myosin regulatory light chain 2a, a 
downstream target of Rok2. 
 
 
Figure 5.3. Microinjection of one-cell 
stage embryos. 
 
(A) Needle and fresh fertilized aligned 
embryos ready for injections. (B) One-cell 
stage embryos aligned on the edge of a glass 
slide put in the lid of a Petri dish. (C) Detail 
of the charged needle injecting embryos.  
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5.4 Cell surface biotinylation and westernblotting  
 
By a biotynilation process, a molecule is covalently attached to a biotin tag; the high 
affinity non-covalent bindings that biotin can form with avidin or streptavidin makes of 
biotin a useful tool to label proteins and subsequently separate them from a mixture. For 
surface biotinylation experiments, at 30% epiboly 100-150 dechorionated embryos were 
dissociated in 1/2x Ginzburg fish ringer without Ca2+, pipeted up und down until the yolk 
was disrupted and shaked 5 min at 1100 rpm. Then centrifuged at 400g for 30sec and 
resupended and washed with Ginzburg fias ringer solution. After that, 5*106 cells were 
incubated at 4ºC in 1mg/mL Sulfo-NHS-biotin in PBS (Cell surface biotinylation kit). 
After 30 min on ice the reaction was quenched and the cells were washed twice in PBS. 
To separate biotinylated proteins from the intracellular pool a streptavidin column was 
used according to the manufacturer’s protocol. Total protein content was estimated using 
a BCA test (Pierce).  
 
For Western blotting, equal amounts of mesendoderm, endoderm and ectoderm 
membrane fraction were transferred onto a 10% polyacrylamide gel. Classical cadherins 
were detected using a rabbit anti-pan cadherin antibody (1:5000) (Geiger et al., 1990) and 
a HRP-coupled secondary donkey anti-rabbit (1:2000). As loading controls a mouse α-
tubulin antibody (1:2000) was used. Secondary antibody was done using a 
chemiluminescent substrate kit (1:1 ECL kit) and detected in a FujiFilm LAS 3000 image 
reader. 
 
5.5 In situ hybridization for analysis of gene expression 
 
Synthesis of DIG labeled probes 
 
To study the expression of genes of interest by using this assay only is necessary 
generated an epitope-tagged anti sense RNA probe directed against the gene/mRNA of 
interest. With the help of reverse transcriptase polymerase chain reaction (RT-PCR) 
virtually any expressed sequence tag can be converted into suitable expression vector that 
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allows the generation of an anti sense probe In this study, DIG labeled anti sense 
riboprobes were synthesized from cDNA inserted in pBluescript vector. The plasmid 
DNA was first linearized with the appropriate restriction enzyme and used as a template 
for RNA synthesis, using DIG labeling kit. After synthesis, the Dig labeled RNA was 
precipitated by incubation with Lithium chloride (LiCl), overnight at -20°C. The RNA 
was pelleted by a 30 min centrifugation at 14000 rpm at 4°C, washed with 70% ethanol 
and resuspended in 100 µl of RNase-free water. This solution was further diluted to 
500µl with hybridization solution (Hyb+). Routinely, a dilution of 1:100, 1:200 and 1:500 
of this stock was tested to select the best signal before used for in situ hybridization 
protocols. A detail description of the used probes is included in material section 4.2 Table 
3. 
  
Whole amount in situ hybridisation 
 
In small tissue samples, such zebrafish embryos, hybridization and detection can usually 
be performed in the whole mount, allowing analysis of the results in 3D. Whole mount in 
situ hybridization has proved to be one of the most robust and informative methods for 
analyzing gene expression. In situ staining were performed as previously described in 
(Barth and Wilson, 1995). Briefly, embryos were fixed in 4% PFA overnight at 4°C, 
washed for 3 times for 5 min and dechorionated manually using forceps in PBST. The 
embryos were transferred into 100% methanol and stored at -20°C or directly incubated 
in the Hyb+ solution. Before hybridization, in the case the embryos were stored in 
methanol, embryos were re-hydrated and rinsed in PBST. They were transferred into a 
2.0 ml tubes and pre-incubated in Hyb+ solution for 4-6 hours at 70°C followed by 
hybridization over night at 70°C with the DIG-labeled probe diluted in Hyb+. The 
embryos were washed at 70°C for 10 min each with Hyb+/2x SSCT 2:1, Hyb+/2x SSCT 
1:2, 2x SSCT and 2 times 30 min in 0.2x SSCT. Then, probes were washed at RT for 10 
min each in 0.2x SSCT/MABT 2:1, 0.2x SSCT/MABT 1:2 and MABT followed by 5 
hours incubation with 2% DIG-blocking solution in MABT at RT. After overnight 
incubation at 4°C with anti-DIG antibody couple to alkaline phosphatase diluted 1:5000 
in 2% Block in MABT, embryos were washed 4 times 30 min each with MABT at RT 
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and incubated 5 min with 0.1 M Tris buffer pH 9.5 to adjust the pH. Embryos were 
transferred into 24-well plates and the probes were then detected with BM Purple 
solution. The staining was performed for several hours at RT in the dark and stopped by 
washing 3 times with PBST, followed by re-fixation with 4% PFA for 30 min and sub-
sequent washing in PBST. To reduce background, embryos were incubated in a series of 
glycerol solutions with increasing concentrations (30%; 50%; 70% glycerol in PBST) at 
RT and stored in 70% glycerol in PBST at 4°C. 
 
Images of whole-mount embryos were taken on an Olympus SZX12 stereomicroscope 
attached to a Q-imaging (Canada) camera using QCapture software. Final processing of 
the images was done with Adobe Photoshop software. 
 
5.6 Primary cell culture 
 
This method was used to disrupt embryos at shield stage to obtain single progenitor cells 
in suspension. The injected embryos, once they reached the desired stage, were put into a 
15 ml Falcom tube and carried to the cell culture room under the hood. There, the 
embryos were washed 4x with 10 ml each with sterile E3 and using a clean glass pipette 
for each one. Embryos were transferred into a small (3 cm) 2% agarose coated dish or, 
alternatively, into a glass dish, using a new Pasteur pipette; the E3 was removed and 
replaced with a previously warmed pronase at 37°C (2 mg/ml) diluted in E2 and kept for 
5-6 minutes at 31°C to dechorionated the embryos. After that, 5 ml of E2 was added in 
order to stop the action of the pronase and washed several times by transferring the 
embryos with a new glass pipette (glass pipettes are important for embryos without 
chorions, any contact with plastic or air can destroy them) for one dish to the next and so 
on into clean glass dishes containing 10 ml of E2 to clean any leftover pronase and 
chorions. 
 
The clean and dechorionated embryos were transferred with a new glass pipette into a 
clean 15 ml Falcom tube and carefully the liquid was suck off (but not allowing the 
embryos to contact the air). Then 1 ml of dissociation buffer (D-MEM/F12+EDTA) was 
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added to disrupt the embryos by carefully manually shaking the Falcom tube until the 
embryos were not seen anymore (all disrupted). To clean the rest of the yolks the tube 
was centrifuged at 4°C during 1 min with 600 rpm. After that, the supernatant was 
removed under the hood with a clean glass pipette, replaced with 1 ml of cell culture 
medium (D-MEM/F12, CO2 independent medium) and centrifuged again to clean the 
previous media. The liquid was replaced with 1 ml of cell culture medium, this was used 
to resuspend and keep the cells. For special cell densities a Neubauer chamber was used 
to count them. 
 
5.7 Atomic force microscopy (AFM) based single-cell-
force-spectroscopy (SCFS) 
 
Adhesion measurements 
 
The use of this tool was mostly done by Michael Krieg, a complete description of the 
technique and the analysis of the result can be found in his thesis. Briefly, plasma-
activated cantilevers (nominal spring constant k=30mN/m) were incubated in 2.5 mg/ml 
Concanavalin A (ConA) over night at 4ºC and carefully rinsed in PBS prior to use. 
Plasma-activated microscope slides were prepared using a two-well-coating mask to 
obtain an adhesive and non-adhesive substrate. One well was filled with 50µl heat-
inactivated FCS, ensuring passivation of the surface (non-adhesive substrate), whereas 
the other was filled with 50µl ConA (2.5 mg/ml; adhesive substrate). Prior to the 
experiment, the substrates were gently rinsed with the cell culture medium used to 
perform the adhesion tests (CO2 independent DMEM/F-12 1:1 buffered in 15mM Hepes 
and supplemented with penicillin (100 U/ml) and streptomycin (0.1 mg/ml). Diluted cell 
suspensions prepared as described previously were then seeded onto the substrate. All 
experiments were carried out at 25°C. For homotypic adhesion experiments, cells were 
selected using phase-contrast microscopy. For heterotypic adhesion experiments, one-cell 
stage embryos were injected with the corresponding mRNA and/or MO and either FITC- 
or TRITC-coupled dextran and fluorescence microscopy was used to identify cells. A 
given ‘probe’-cell (Fig.5.4.C’) was picked up from the non-adhesive side of the substrate 
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with a ConA-coated cantilever by gently pressing on it with a controlled force of 1 nN for 
typically 1 sec. The cell was raised from the surface for 2-10 min to firmly attach to the 
cantilever. The probe-cell was then moved above a ‘target’-cell that was firmly attached 
to the adhesive ConA-coated part of the substrate. Adhesion experiments (‘force-distance 
cycles’ (Fig.5.4.C)) were performed using a 1 nN contact force, 10 µm/s approach and 
retract velocities, and contact times ranging from 1 sec to 1 min. Contact time was varied 
randomly for a given couple to prevent any systematic bias or history effect. Each 
condition (that is, same probe-target couple at same contact time) was repeated up to 
three times, with a resting time of 30 sec between successive contacts. Each probe-cell 
was used to test several target cells. No more than 40 curves were taken with any given 
probe-cell. Cells were continuously observed during and between the force-distance 
cycles to judge whether they were intact and stably associated with the 
cantilever/substrate. Only cells were used that showed characteristic ‘ruffling’ behavior 
and pseudopod formation. Target cell pictures were taken to measure diameter and 
observe morphology. Force-distance curves were analyzed using IgorPro custom-made 
routines to extract maximum adhesion force (Fig.2.3.A) and cell deformation (Fig.2.5.B) 
during the contact. Data were then pooled and statistically processed as described below. 
Cadherin-dependence of cell adhesion was tested after depleting calcium by adding 5mM 
EGTA to the medium, or embryos were co-injected with 8ng E-cadherin MO. Preparation 
of E-cadherin-decorated substrates was carried out as described (Puech et al., 2005), 
briefly, cantilevers were cleaned either by using detergent and/or plasma cleaning. They 
were then treated with biotinylated BSA, followed by incubation in streptavidin and 
biotinylated ConA. During the mounting procedure, the cantilevers were always kept wet 
to ensure the integrity of the surface. Clean glass slides were plasma-activated for at least 
1 min and then incubated overnight at 37°C with 50 µg/ml fibronectine in PBS. Prior to 
use, the non-bound protein was removed by extensive washing first with PBS, then with 
fresh DMEM. To reduce actomyosin function, cells were pre-incubated in (-)-blebbistatin 
(50 µM). Experiments were carried out in 5µM (-)-blebbistatin with no more than 15-20 
repeated measures taken with a single probe-cell because of mechanical fragility of the 
treated cells. Approach and retract velocities were set to 4µm/s. The experimental 
procedure was followed as described above. 
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Cell-cortex tension measurements and liquid droplet model assumptions 
 
Colloidal force probes were prepared by attaching a glass bead (5µm diameter) to a 
cantilever (nominal spring constant k=10mN/m) using a two-component Araldit epoxy 
glue. Such beads were used as an indenter to create a large and smooth contact geometry 
with the cell, hence reducing the strains induced by the pressure during contact 
(Dimitriadis et al., 2002). To prevent non-specific adhesion to the cells, the modified 
cantilevers were either incubated with heat inactivated FCS or silanized (1% 
Figure 5.4. Atomic force microscopy equipment. 
 
(A) AFM instrument set up. Monitors for AFM software controlling (1) and optical microscopy (2). AFM 
head piezo, laser, photodiode (3) is placed on top of a Zeiss Axiovert 200 (4) equipped with a camera (5) 
for life cell imaging during the force spectroscopy experiment. The head is controlled by a feedback 
controller (6) and equipped with a 100 µm piezo for cell-cell-separation experiments (7). (B) Close-up of 
the AFM head mounted on a x, y stage. 100 µm piezos are built in to the stage. (C) Outline of the SCFS 
adhesion assay. One cell immobilized on an AFM cantilever (prove) is brought into contact at a given 
speed with a second cell adhering to a solid substrate (target). After a predefined contact time, the cell was 
retracted at the same speed and the interaction force was detected by the cantilever deflection. The 
resultant force-distance curve allows quantification of the maximum adhesion force. 
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methyltriethoxysilane in hexane for 1h) and then passivated with 1% pluronic F127 in 
ultrapure water. The cells were seeded on a glass substrate. Force-distance curves were 
acquired using 500 pN contact force and 1µm/s approach/retract velocity and indentation; 
δ, was calculated from tip displacement (Fig.2.8.D). Up to 3 curves, with at least 15 sec 
waiting time between successive curves, were taken per cell in order to prevent any 
history effect (Dimitriadis et al., 2002). No large deviations were seen in curves taken for 
one given cell. To describe the mechanics of the different cell types by AFM indentation, 
the approach (Rosenbluth et al., 2006) was chosen. The ‘liquid droplet model’ (LDM) 
(Evans and Yeung, 1989) was applied to extract the cell-cortex tension (Tc), as previously 
proposed for different cell lines using the micropipette technique (Evans and Yeung, 
1989; Lomakina et al., 2004; Thoumine et al., 1999). Tc is influenced directly by the state 
of the contractile apparatus of the cell (Dai et al., 1999; Thoumine et al., 1999). The 
LDM describes the cell as a viscous cytosol surrounded by an elastic (actin-based) cortex. 
This is based on the following assumptions: (a) An actin cortex exists in close proximity 
of the cell membrane, and the nucleus occupies only a small volume of the cell. (b) The 
cells are not adherent and spherical. (c) Force (F) versus indentation (δ) curves are linear 
(see equation below). (d) Indentation depth is small in comparison to the size of the cell. 
(e) Tc is independent of the cantilever speed and (f) cells have a large plasma-membrane 
reservoir. Cell-cortex tension Tc can then be calculated using the following equation 
(Lomakina et al., 2004): 
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with Rc and Rb representing the cell and bead radii, respectively. In the case of our 
progenitor cells, phalloidin staining reveals an actin based cortex both in dissociated cells 
and in embryos (Fig.2.8.A,B). The ratio of cell- to nucleus- volume is high as estimated 
from phase contrast images (21 ± 12, mean ± s. d.). Dissociated cells (as probed by 
indentation) were roughly spherical (Fig.2.8.A,B) and weakly adherent to the substrate. 
Force versus indentation curves are linear (70% of all curves) for a large range of 
indentation values (Fig.2.8.D), with the deformation (max∼1µm) being at least one order 
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of magnitude smaller than the cell diameter (∼18-20µm). Furthermore, it was not find a 
strong influence of Tc by the cantilever speed and finally, the adhesion measurements 
suggest that the cells possess a large membrane reservoir as indicated by long lipid tubes 
extracted during the separation process using (tethers, Fig.5.4.C). Together, this provides 
experimental support for using the LDM to analyze the indentation experiments and gain 
information about the cortex tension of the progenitor cells types. To extract Tc following 
the above equation, we used a F versus δ line-fit between 125 pN and 250 pN to elude 
errors that could be introduced while determining the contact point (Crick and Yin, 
2007). Bead and cell radii were determined by phase contrast microscopy. To perturb 
cellular contractile apparatus (Tc), cells were pre-incubated in 50µM (-)-Blebbistatin or 
recombinant activin (100 ng/ml) for 2h while measurements were done in presence of 
5µM (-)-Blebbistatin. All experiments were performed at room temperature (25°C). 
 
Processing and statistical analysis 
 
After determining Fmax for each force-distance curve, we averaged Fmax over the 
experimental repetitions to determine the mean adhesion force of a given cell couple and 
contact time. The resulting values were then pooled to obtain the distribution of adhesion 
forces for a given experimental condition. The median ± MAD (median absolute 
deviation, 
! 
MAD = median(x
i
" ˜ x)) and percentiles were then extracted with a custom 
IgorPro (WaveMetrics) function and used in KaleidaGraph (SynergySoftware) for 
unpaired Wilcoxon based Mann-Whitney U-tests for significance with a p cut-off value 
of 0.05. Box-whisker plots are presented with the box containing 50% of the data around 
the median and whiskers embracing 80% of the data. Pearson’s rank correlation 
coefficient (R) was computed using IgorPro. Statistical significance of R was tested using 
! 
R " N #1 >
$
2
 with (N=number of events and α=level of significance). Values of Tc 
were pooled for all given cell types and processed using the same procedure.  
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5.8 In vitro cell sorting 
 
One-cell stage embryos were injected with a mix of non-maternal mRNAs and 
fluorescently labeled dextran (0.5 % FITC or 0.5% TRITC) to obtain homogenic cell fate 
in the embryo. After that, embryos were incubated at 31°C until they reached the desire 
stage, at that moment the primary cell culture was done in order to have separate cells.   
 
Hanging drop assay 
  
After primary cell culture (Fig.5.5.A), the cells resuspended in CO2-independent medium 
were placed in hanging drops (Fig.5.5.B). Drops were deposited on the underside of the lid 
of a 5 cm polystyrene tissue culture dish and placed into the microscope chamber in 
where the conditions of temperature, humidity and CO2 were constants. By using this 
method, it is possible to observe how disorganized aggregates of cells establish structured 
formations (aggregates) (Fig.5.5.C). The position adopted within the aggregate directly 
correlates with differences in tissue cohesion (Armstrong, 1989).   
 
 
 
 
 
 
 
1.5*106 cells/ml of two different germ layer types were allowed to aggregate in 25µl or 
50µl hanging drops. The ratio of co-cultured cells was set to 1:1 or 1:2 with the 
Figure 5.5. Diagram of hanging drop assay. 
 
Embryos containing different population o f cells were dissociated until single cells by primary cell 
culture (A). Mixed cells were hanging in a drop of cell culture medium (B) until they aggregated in 
different ways according to their adhesive and tensil properties (C). 
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enveloping cell type at the higher concentration. Cultures were incubated for at least 17 
hours in a humidified chamber equilibrated with 5% CO2 at 27ºC. To reduce cortex 
tension, the cells were cultured in presence of 50µM (-)-Blebbistatin, 10mM 
Cytochalasin D or 20mM BDM. Control aggregates were cultured in presence of 50µM 
(+)-Blebbistatin. Incubation in 5mM EDTA did not lead to sorting. To selectively inhibit 
contraction in ectoderm progenitors, MZoep embryos were injected with 350pg dnrok2 
mRNA.  
 
Pictures were taken after 0, 4, 6, 8 and 17h in culture with Metamorph (Digital Imaging) 
using an epifluorescence microscope (Zeiss Axiovert 200M).  
Linear contrast adjustment was applied to the whole image using ImageJ. To analyze the 
sorting dynamics, 5000 cells of each type were cultured in a passivated micro-chamber. 
Sorting was followed with a rate of 4 frames/min and analyzed as described bellow. 
Culture in EDTA did not lead to any changes in cluster size (Fig.2.10.G). 
 
Image analysis 
 
To extract information about dynamic changes in boundary length or projected particle 
area during cell sorting, standard plug-ins for ImageJ were used. Images were first 
“binarized” and “despeckled” to remove single pixels in each frame, followed by “erode” 
and “dilate” steps. The number of particles was then counted, the area measured and 
normalized to the number of particles. 
 
Cellular Potts Model (Monte Carlo simulations)  
 
We use the Cellular Potts Model (Graner and Glazier, 1992), to perform simulations on a 
2D square lattice, measuring 230 x 230 pixels. The algorithm for energy minimization is 
based on Monte Carlo sampling and the Metropolis algorithm and a detailed description 
of the procedure will be presented elsewhere (Kafer et al., 2007). During one Monte 
Carlo time step (MCS) each pixel of the lattice is sampled once. In short, an energy is 
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assigned to each cell and interface, with the total energy of a cell aggregate as defined by  
(Maree et al., 2007) and (Ouchi et al., 2003):  
 
! 
H = Pij (" ij + " ji # Jij )
interfaces
$ + %P (Pi # P0)2 + %A (Ai # A0)2
cells
$
cells
$  
The interfacial tension 
! 
"Hij
"Pij
= # ij + # ji $ Jij + 2%P Pi + Pj $ 2P0( ) describes the energy 
change H associated with a decrease or increase in the length of the interface Pij. A 
randomly chosen neighbor pixel of a randomly chosen lattice site changes its state if this 
change is energetically favored. If the change leads to an increase in H it has a probability 
! 
" = e
#$H /T to remain. ΔH is the energy change associated with the new state and T is the 
fluctuation temperature. Simulations in Fig.4A-E were performed with T=300 to allow 
membrane fluctuations (Maree et al., 2007) (Mombach et al., 1995). In the first term of 
the first equation, Pij is the length of the interface between cell i and cell j, γij and γji is the 
cortex tension of both cells at this interface, and Jij is the adhesion energy. For the 
adhesion energies we chose Jecto,ecto=200, Jendo,endo=300, Jmeso,meso=400, 
Jecto,endo=Jecto,meso=Jmeso,endo=200, and Jecto,medium=Jmeso,medium=Jendo,medium=0. The cortex 
tensions for the simulations in Fig.4A-E are: γecto,medium=300 and γmeso,medium=50 and for all 
other interfaces, γij=0. An implicit source of cortex tension is the cortex elasticity; we use 
as parameters λP=0.3 and 
! 
P
0
=
( "A
0
)
10
 for all cells. The second and third terms of the 
first equation describe the cortex elasticity and area conservation: λP and λA are the 
perimeter and area moduli, Pi and Ai are the actual perimeter and area of cell i, and P0 and 
A0 are the target perimeter and target area. Perimeter and area terms were the same 
because no differences in cell size were detected during the experiment. For area 
conservation, we chose λA=25 and A0=50 pixels.  
 
5.9 Antibody staining of fixed embryos 
 
Antibody used to detect expressions of genes gives information at level of resolution that 
can not be gained with an RNA probe, e.g. localization of a particular protein and its 
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intracellular localization or its time window of expression, the protein might still be there 
long after the mRNA is no longer detectable. In this study, embryos at the desire stage 
were collected in 2 ml tubes and fixed in 4% (or 2% for N-cadherin staining) PFA in PBS 
for 30min at RT followed by an incubation over night at 4°C. On the next day, the 
embryos were washed three times with PBT and their chorion was removed manually 
with forceps. For optimal penetration of the antibody into the tissue, the embryos were 
incubated for 2 hours in PBTT (PBTTG for N-cadherin staining) at RT, followed by a 
washing step of 3x5 min in PBSTT and an incubation in blocking solution (block solution 
with BSA for N-cadherin stain) over night at 4°C. At the following day the embryos were 
incubated with primary antibody, diluted in blocking solution over night at 4°C. 
Afterwards, embryos were washed 4 times for 30 min with PBSTT (PBTTG for N-
cadherin staining) and were incubated with the secondary antibody, diluted in blocking 
solution (block solution with BSA for N-cadherin stain), over night at 4°C. Alternatively, 
the incubation with primary or secondary antibodies can be done for 4 hours at RT. The 
working dilutions of antibodies used for this study are listed in material section 4.4 Table 
6. After an additional washing step of 4 times 30 min with PBSTT, the embryos can be 
stored after a 30 min fixation in 4% PFA at RT in PBSTT in darkness at 4°C during one 
week. 
 
5.10  Tissue explants 
 
Yolk-free tissue 
 
This technique was use to obtain bigger fragments instead of single cells for hanging drop 
assay and to have smaller fragments to produce better staining. Embryos were first, as 
described above, dechorionated using 2 mg/ml of pronase diluted in E2 media at high to 
oblong stage (3-4 hpf). After wash them 4 times in E2 buffer, embryos were dissected by 
manually separating the mass of cells from the yolk sac under a stereo-microscope using 
watchmaker’s forceps. Tissue fragments were then washed 2-3 times with E2 media and 
transferred into 2% agarose-coated dishes containing de-gassed CO2-independent 
medium supplemented with 10% FCS and antibiotics. Equal-size spherical aggregates 
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ranging in diameter between 0.35-0.5 mm and containing 104 to 105 cells formed within 
1h and  maintained at 25°-28.5C until used (Fig.5.6). 
 
 
 
 
 
 
 
Rhodamine-Phalloidin staining of tissue explants 
 
The obtained tissue explants, after 7 h in culture were transferred with a glass pipette into 
a 2 ml glass vial and fixed with 2% PFA in PBS for 30 min at RT followed by an 
incubation overnight at 4°C in the shaker to kept the shape of the ‘balls’. On the next day, 
the ‘fishballs’ were washed 3 times for 5 min with PBSTT. For optimal penetration of the 
antibody into the tissue, the ‘fishballs’ were incubated for 2 h in PBT at RT, followed by 
a washing step of 3 times 5 min in PBSTT and an incubation in blocking solution 
overnight at 4°C.  
At the following day the ‘fishballs’ were incubated with a dilution of Rhodamine-
Phalloidin in PBSTT for 2 h at RT (or, alternatively, at 4°C overnight), which binds to 
polymerized actin. After this incubation, the ‘fishballs’ were washed 3 times 5 min each 
in PBSTT. ‘Fishballs’ can be stored in PBSTT solution, in darkness at 4°C for up to one 
week before image acquisition. Images were taken with a confocal Zeiss LSM-META 
510 equipped with a 10x/0.045 Apo lens. 
 
 
 
Figure 5.6. Diagram of the tissue explants assay. 
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5.11  Mounting of live or fixed embryos and tissue explants 
in agarose for time-lapse microscopy 
 
For time-lapse microscopy, samples were mounted in 1% low melting point agarose in 
E3 medium. The mounting device used for inverted microscopes consisted a self-
assembled imaging chamber similar to what has been described by (Concha and Adams, 
1998). Briefly a glass ring was glued onto a cover-slip using silicon grease; a few drops 
of 1% LMP agarose (previously melted at 70°C) were placed on the cover-slip where one 
(fix or alive) dechorionated embryo or ‘fishball’ was then transferred with a glass pipette 
and carefully oriented with forceps; after the agarose was solidified, a few drops of E3 
medium were added and silicon grease used to seal a glass slide to the glass ring. For 
upright microscopes, the procedure was similar, except that the mounting chamber 
consisted only of a glass slide and a glass ring, and dipping objective was used to image 
the embryo from the top. 
 
The embryos used to study the migration behavior were mounted in a special form 
prepared by pulling boiled agarose (2% in E3 media) into a 5 cm Petri dish and adding a 
plexiglass form which displayed a structure surface and leaves imprints within the 
solidified agarose. These imprints are circles shaped with the size of the embryo and 2 
mm deep and allow one dechorionated embryo to be oriented in a stable way. In this 
mould several embryos were mounted and stabilized by cover them with a thin layer of 
0.5% LMP agarose (previously melted at 70°C and kept liquid at 37°C). Once the 
agarose was solidified the plate was refilled with E3 buffer and a dipping lens was used. 
 
5.12  Differential interference contrast microscopy (DIC) 
 
Imagin 
 
Wild type and e-cadherin morphant embryos (injected at one-cell stage with 4 ng of MO) 
were incubated at 31°C, dechorionated at 6 hpf using Pronase (2mg/ml), and mounted in 
1% agarose for subsequent imaging. Images were obtained with a Zeiss Axioplan2 
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microscope equipped with a 40x water immersion lens (0.1 NA) and Qimagin Retiga-
SRV fast 1394 camera. Frames were captured at 63 sec intervals for 2h (from 6 to 8 hpf). 
The temperature was kept constant during image acquisition (24°C). For cell tracking and 
measurements of cell-cell overlap area and contact time, Fiji software was used and 
statistic analysis was done with IgorPro software.  
 
Processing and statistical analysis 
 
DIC movies of wild type and e-cadherin morphant mesendoderm cells were recorded 
during gastrulation and the thickness of the overlapping zone was measured in Fiji 
software. Thickness was used to approximate the overlapping area. Area of overlapping 
cells Ao in wild type and e-cadherin morphant embryos was calculated by approximating 
the cells with a sphere. Half the thickness of the overlapping zone corresponds to the 
height of a circle segment h in one cell. The area of each of the segments can be 
calculated by:  
 
where Rc is the average diameter of the interacting cells. 
 
 
 
 
 
 
 
Figure 5.7. Quantification of cell-
overlapping area. 
 
Cells are approximated as a sphere and 
the segment area Ao is calculated using 
the equation described above. The height 
of the segment h was measured as half 
the thickness of the overlapping zone 
from DIC movies. 
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5.13 Two-photon confocal time-lapse imaging 
 
Nuclei movies of e-cadherin mutant embryos used for the analysis of movement 
directionality in Fig.2.35 were done by Lara Carvalho and they are described in detail in 
her thesis. Shortly, single channel live time-lapse imaging was performed with Bio-Rad 
Radiance 2000 multiphoton confocal microscope. A mode-locked, 890-900 nm, infra-red 
laser with an average power of 500 mW, originated from a Coherent Mira 900 
Ti::Sapphire laser, was used to achieve two photon-excitation of the sample. For nuclei 
movements images were taken in lateral and paraxial regions of the embryo at 1 min time 
intervals during mid gastrulation stages (7-10 hpf) with a Plan Fluor 20x water-
immersion objective (NA 0.75) connected to a Bioptechs objective heater in order to 
maintain a temperature of 28°C. The temperature was kept constant in all movies (28 °C). 
 
5.14  Cell transplantation for in vivo sorting and migration 
 
Preparation of transplantation setup 
 
Transplantation needles were thin wall borosilicate glass capillaries without internal 
filament made by BioMedical Instruments.  The ends of the needles had an angle (45o) 
and a spike to facilitate penetration into the tissue (Fig.5.8.B’). The inner diameter of the 
pipettes was slightly larger than the size of a cell, varying this parameter according to the 
stage of the embryo at the moment of transplantation. In the case of the experiments that 
have been done in this thesis the diameter was approximately 20-30 µm, corresponding to 
the size of the cells at shield stage. The needle was placed on a micropipette holder 
attached to a syringe through an airtight tube (Fig.5.8.B). The holder was mounted on a 
micromanipulator and by varying the air pressure with the syringe, cells could be sucked 
in and transferred from donor to host embryos (Fig.5.8.A). 
 
Once the embryos were ready to be transplanted they were mounted in a agarose chamber 
which consist in a lid of a Petri dish coated with 2% agarose and a plexiglass form, which 
displayed a structured surface and leaves imprints within the solidified agarose, this was 
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used to create squared shaped (2x2 mm) depressions (1 mm deep) beveled on one side, 
where one embryo could fit and keep stable (Fig.5.8.C). These agarose coated 
transplantation dishes contain 6 rows of 25 moulds. The transplantation was monitored 
using a stereomicroscope (Olympus SZX12) with UV light.  
 
 
 
 
 
 
 
Transplantation 
 
This is a method to move cells from one place in an embryo to another place in another 
embryo. This technique important for cell mapping and it is essential in distinguishing the 
autonomous and non-autonomous effects of gene activity (Ho and Kane, 1990), it allows 
to identify which cells express the gene of interest and what effects these cells have on 
other cells in the embryo that are not expressing the gen. Normal work is the use of  
double transplantation, where the behavior and fate of one group of experimental cells is 
compared with a reference control transplant, reveals slight differences in movement or 
fate between the groups. Here, for transplantation experiment the host, one-cell stage 
wild type tub long fin embryos or in other cases, MZoep mutant embryos at the same 
Figure 5.8. Transplantation equipment. 
 
(A) Transplantations are done under normal stereomicroscopes equipped with a fluorescent lamp in order 
to select the fluorescent cells form both donors. Glass capillaries are connected by a micropipette holder 
to the syringe. All the movements of the needle are controlled by a micromanipulator. (B) Detail of the set 
up containing the gold handle holding the microelectrode holder which connect the needle with the 
syringe trough the plastic tube. (B’) Enlarged picture of the end of the needle. (C) Agarose chamber to 
mount and orient the dechorionated embryos for transplantation. 
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stage, were injected with 0.5 % of dye alexa fluor 647 or 0.5% of FITC respectively in 
order to be able to visualize the whole cells. To be able to later follow the cell or nuclei 
movements of the donor embryo cells, the donor embryos, consisting of progenitor cells 
(generated as described in the paragraph 2.1 of results section), were injected with H2A-
zf::mcherry mRNA (100 pg), Alexa Fluor-488 conjugated histoneH1 (1 mg/ml), 0.5% 
FITC or 0.5% TRITC. After injection embryos were incubated at 31°C. The marker used 
in each case is said in the figure legend.  
 
At sphere stage (4hpf), these embryos were checked for fluorescent signal on a UV-
dissecting microscope and florescent embryos were selected for the experiment. These 
embryos were transferred into agarose-coated Petri-dishes (2% agarose in E2) containing 
E2 media and their chorion was removed with 2 mg/ml of pronase diluted in E2 media, 
and maintained in Danieau’s buffer. At 40-50% epiboly stage, the embryos were 
transferred using a glass Pasteur pipette into a previously prepared agarose chamber as 
described above; thereby donor embryos were lined up in one row and host embryos were 
placed in the adjacent row. Host embryos were oriented with the animal pole up and 
shield to the right while the donor were oriented with the animal pole to the right 
allowing an easier access to the cells (Fig.5.9.A).  
 
1-2 cells for migration experiments or 30-50 cells for sorting were taken from the labeled 
donor embryos (Fig.5.9.C,D) and transplanted into the emerging lateral mesendoderm of 
wild type or MZoep mutant (labeled or not) host embryos at shield stage (Fig.5.9.E). After 
transplantation, the embryos were mounted within 0.5% agarose in a new mould agarose-
coated Petri dish with Danieau’s buffer in order to keep them with a fix position allowing 
us to image them (see paragraph 5.11 of this section). 
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Imaging 
 
For the sorting in vivo experiments larger group of cells (30-50) from donors 
fluorescently labeled with FITC- or TRITC- dextran were transplanted as it was 
described above into unlabeled MZoep mutant hosts (Fig.5.10) and pictures were taken in 
a stereomicroscope with UV light attached to an Q-imaging camera using QCapture 
software. Final processing of the images was done with Adobe Photoshop software.  
 
 
Figure 5.9. One cell transplantation assay. 
 
(A) Dechorionated embryos ready to transplant mounted and oriented in the agarose chamber (from left to 
right, lines with donor1 and donor2 with the animal pole to the right and host, with the animal pole to the 
top and the dorsal side to the right). (B) Host being transplanted. (C-E)  Detail of the different labeled 
donors, the needle with a mix of cells and the final transplanted host. 
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In fixed transplantes embryos (at tail bud stage, 10 hpf) MZoep-Ras-GFP mutants were 
used as hosts and embryos injected with 1% TRITC (fixable) together with the 
corresponding mRNA to produce progenitors cells were used as donors (Fig.2.18.A-C), in 
these cases images were taken with a Zeiss LSM 510 Meta confocal microscope. 
 
For the migration experiments, embryos injected with nuclei markers, H2A-zf::mcherry 
mRNA and Alexa Fluor-488 conjugated histoneH1 and the corresponding mRNA and/or 
MO were transplanted in a host labeled with Alexa Fluor 647 (Fig.2.23/2.31), mounted as 
said above and recorded  with a upright Leica TCS SP5 confocal microscope equipped 
with a motorized xyz stage for precise specimen positioning (Fig.5.11), allowing also the 
recording of several movies at the same time and under the same conditions, and with a 
10x and 20x water immersion lens using 488 Argon, DPSS 561 and 633 HeNe laser lines. 
In other cases the cells from the donor embryos whole labeled with FITC- or TRITC- 
dextran and the corresponding mRNA and/or MO in order to exclude errors in the read 
out of the measurements (Fig.5.12). Images were taken in lateral regions of the gastrula at 
3 min time intervals during mid to late gastrulation stages (7-10 hours post fertilization). 
The temperature was kept at 28°C in all movies with an attached chamber to the 
microscope. 
Figure 5.10. Transplantation for sorting 
assay. 
 
Transplantations are done as described above 
but in this case a big number of mixed cells 
with different properties is used. (A-B) Live 
imaging of a group of labeled cells 
transplanted into the lateral side of MZoep 
embryos at the onset of gastrulation (6hpf). 
(C-D) Position of the sorted cells at the end 
of gastrulation (10hpf), note how this 
technique allows to study different sorting 
behaviors of mixed cells with different 
properties. (C) Cells sorted in different 
positions in the embryo. (D) Cell keeping the 
same position compared to each other but one 
population (green) can spread more than the 
other (red).  
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Processing and statistical analysis 
 
For the sorting in vivo analysis (Fig.2.18), in the fixed transplanted embryos, confocal 
images were analyzed using ImageJ. The perimeter of the embryo was fitted to a circle 
and the integrated radial intensity profile was calculated (intensity as a function of the 
center distance). The corresponding intensity values and distances were normalized and 
the mean intensity at a given position was calculated. 
For the migration analysis, the motility of the transplanted cells were recorded by 
confocal microscopy as described above, and Imaris 6.2.0 software was used for the cell 
tracking in three dimensions (x,y,z) (Fig.5.12).  
 
 
 
Figure 5.12. Analysis of transplanted cells.  
 
Control and experimental cells labelled with FITC 
and alexa fluor 647 respectively were transplanted 
into wild-type-Ras-GFP host embryos at the onset 
of gastrulation (6 hpf, A-B). The migration of the 
cells until the end of gastrulation (10 hpf C-D) was 
monitored by time-lapse confocal microscopy (A-
C) and analyzed with Imaris software (B-D). Lateral 
view of embryos, dorsal side is to the left; ventral to 
the right; the animal pole is at the top; the vegetal 
pole is at the bottom. Scale bar (C) = 100 µm. 
Figure 5.11. Confocal Leica SP5 
microscope. 
 
Upright Laser Scanning Confocal microscope 
with 5 spectral detectors and one transmission 
channel. It got a motorized xyz stage for precise 
specimen positioning, a resonant scanner for 
high speed imaging and a large incubation 
chamber for temperature and CO2 adjustments. 
Laser lines: 405, 458, 476, 488, 496, 514, 561, 
633 nm.  
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Tracking and analysis of cell/nuclei movements in wild type, e-cadherin morphant and e-
cadherin/ weg mutant embryos were done using custom-built nuclei tracking software 
(Carvalho et al., 2009) (Fig.2.22/2.35). The figures for instantaneous similarity, 
instantaneous speed, displacement speed, and displacement effectiveness were plotted 
using R. For tracking transplanted cells in three dimensions (x,y,z), Imaris 6.2.0 software 
was used. The statistical analysis was done using IgorPro software. Tracks of 
transplanted cells were analyzed in 3D using home-built IgorPro procedures to extract 
mean-squared-displacement (MSD) <Δx2> with N = number of frames, n = number of 
time intervals:   
 
Cell tracks were corrected for the intrinsic curvature of the embryo according to  
! 
"x
corr
2 = 2R # sin$1 "x 2 /2R( )
2
 of the embryo, which would yield a lower displacement 
for longer time intervals. Correction then yields the displacement 
! 
"x
corr
2  of a particle on 
a sphere with radius R.  MSD plots were fitted to a second order polynomial 
! 
"x
corr
2
t( ) = s2t 2 + Dt  to extract effective migration speed s and diffusion coefficient D.  
Instantaneous speed 
! 
v
i
 was calculated with the distance Δd a cell traveled within two 
subsequent frames separated by a frame-rate f=1/t: 
! 
v
i
=
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Instantaneous similarity values were computed as scalar products of the instantaneous 
speed vectors of neighboring cells i, j within a distance of 20 µm: 
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r 
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Displacement speed was calculated by measuring the overall movement distance between 
the initial position at t0 and the final position at tm of each cell’s trajectory divided by the 
movement time: 
! 
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2
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The displacement effectiveness of a cell was measured by taking the overall movement 
distance normalized to the length of the trajectory. The length of a trajectory can be 
estimated as the sum of the instantaneous velocity vectors: 
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Because shorter cell trajectories usually would show a better displacement effectiveness 
than long cell trajectories, only those trajectories were quantified where the cell could be 
tracked for at least 20 time-points. 
 
For movement orientation, the migration into designated compartments was calculated 
from projected stacks. The last and the first picture of a time series were extracted from 
the movie and separated into green, red and blue channels (Fig.5.13). Following, each 
channel was binarized, despeckled, eroded and dilated The center of mass (x,y) of the 
embryo was calculated: 
 
! 
x =
xb x,y( )dxdy""
b(x,y)dxdy""
;  
! 
y =
yb x,y( )dxdy""
b x,y( )dxdy""
 
 
and shifted on top of the origin of the coordinate system. The coordinates of the cells in 
the other channels were calculated using the ‘find particles’ option in ImageJ and the 
vectors in respect to the center of mass of the embryo was calculated. The angle α 
embracing the displacement vector of the cells in the last frame and the dorsal pointing 
Einheitsvector was calculated: 
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Migration data were normally distributed and is presented as mean ± standard error of the 
mean (SEM, see Appendix 6.2). Pearson’s product-moment correlation coefficients and 
their statistical significance were computed using R. Histograms were compiled in 
IgorPro and bin width was set according to Rice’s rule (width = 2(N)^1(/3)) with N = 
number of observations. 
 
 
Figure 5.13. Analysis of movement orientation. 
 
Images were cropped and channels separated; channels 
were binarized and ‘denoised’; center-of-mass of each 
particule in each image was calculated. (A) The arrow 
represents the dorsal pointing vector, embracing an angle 
with a particle vector (dotted line). (B) Binarized green 
channel, (C) blue channel and (D) red channel. 
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Appendix 
 
6.1 Mesendoderm movement similarity as a function of 
distance 
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Mesendoderm movement 
similarity as a function of 
distance. 
 
Instantaneous similarity of 
mesendoderm progenitor 
movements for different cell-
cell distances in wild type 
(wt; A), e-cadherin morphant 
(ecadMO; B; 4ng/embryo) 
and mutant embryos (weg; 
C). Values range from -1.0 
(opposite direction of 
movements) over 0 
(movement vectors are 
orthogonal) to +1 (parallel 
movement). Box plots show 
the distribution of the bin 
heights among the embryos. 
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6.2 Force distribution in adhesion measurements 
 
 
 
 
 
 
 
 
 
 
Force distribution in adhesion measurements. 
 
 (A,B) Probability distribution of adhesion force for homotypic contacts acquired with wild type control 
cells (red; A) and cells from 4ng e-cadherin morpholino (MO) injected embryos (green; B). (C,D) 
Probability distribution of effective movement speed measured for wild type control cells (red; C) and 
cells from 4ng e-cadherin morpholino (MO) injected embryos (green; D) transplanted into wild type 
embryos. 
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6.3 Movie legends 
 
Movie 1 – Zebrafish development. Development of zebrafish from 2-cell stage to 16-
somite stage (approximately 17 hours post fertilization). Movie done by Rolf Karlstrom 
and Donald A. Kane; Development 123;461, 1996. 
 
Movie 2 – Exemplary movie of a transplantation experiment. Cells from donor 
embryos (control = red, e-cadherin morphant = green; 4ng MO/embryo) are transplanted 
into a host wild type embryo (blue) at 50% epiboly (5 hpf). The movement of the cells 
until the end of gastrulation (10 hpf) was monitored by time-lapse confocal microscopy. 
Images were taken in lateral regions of the gastrula at 3 min time intervals during mid to 
late gastrulation stages (7 – 10 hpf). Note how mesendoderm progenitors with lower cell-
cell adhesion display less directed movements. 
 
Movie 3 – Exemplary movie of a wild type. 
DIC time lapse of paraxial mesendoderm cells of a wild type embryo were recorded form 
60% to 80% epiboly. Two exemplary cell couplets were tracked with Fiji software. Note 
how cells keep in contact and they do not separate frequently. Yellow arrows indicate 
separation of the couple. Dorsal side is to the right, ventral to de left, animal pole to the 
top and vegetal pole to the bottom.  Scale bar = 14µm. 
 
Movie 4 – Exemplary movie of an e-cadherin morphant. 
DIC time lapse of paraxial mesendoderm cells of a morphant embryo (4ng MO/embryo) 
were recorded form 60% to 80% epiboly. Two exemplary cell couplets were tracked with 
Fiji software. Note how morphant cells exhibit short contact and they separate frequently. 
A huge increase on overlap can be appreciate. Yellow arrows indicate separation of the 
couple. Dorsal side is to the right, ventral to de left, animal pole to the top and vegetal 
pole to the bottom.  Scale bar = 14µm. 
 
 
Movie 5 – Exemplary movie of a transplantation experiment into MZoep mutant. 
Cells from donor embryos (control = red, e-cadherin morphant = green; 4ng 
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MO/embryo) are transplanted into a MZoep mutant embryo (blue) at 50% epiboly (5 hpf). 
The movement of the cells until the end of gastrulation (10 hpf) was monitored by time-
lapse confocal microscopy. Images were taken in lateral regions of the gastrula at 3 min 
time intervals during mid to late gastrulation stages (7 – 10 hpf). Note how in both, 
control and morphant cells, migration directionality remains unchanged. 
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Abbreviations 
 
SI units and symbols of standard multiples and symbols of chemical elements are not 
listed here; gene names are explained in the text. 
 
2D   Two-dimensional 
3D   Three-dimensional 
AFM   Atomic force microscope 
AP   Animal pole 
BDM   2,3-butanedione monoxime 
BMP   Bone morphogenetic protein 
BM Purple  Boehringer Mannheim purple  
bp   base pair 
BSA   Bovine serum albumin 
cdh   Cadherin 
CE   Convergent and extension 
cDNA   Complementary DNA 
CFC   Colony forming cells 
ConA   Concanavalin A  
D   Dorsal 
ddH2O   Double-distilled water 
DIC   Differential interference contrast (Nomarski) optics 
DIG   Digoxygenin 
D-MEM  Dulbecco’s modified eagle medium 
D-MEM/F12  Dulbecco’s modified eagle medium nutrien mixture F-12 
DMSO   Dimethylsulfoxide 
dn   Dominant negative 
DNA   Deoxyribonucleic acid 
DNase   Desoxyribonuclease 
dpf   Days post-fertilization 
DPP   Decapentaplegic 
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Dsh   Dishevelld 
DTT   di-thiol-threitol 
E3/2   Embryonic medium 
ECM   Extracellular matrix 
e. g.   exemplu gratii (Latin): for example 
EGTA   Ethylene glycol tetraacetic acid 
EDTA   Ethylene diamine tetraacetic acid 
EGF   Epidermal growth factor 
EtOH   Etanol 
EVL   Enveloping layer 
F   Force 
FCS   Fetal calf serum 
FGF   Fibroblast growth factor  
FITC   Dextran fluorescein (Fluorescein isothiocyanate)  
FN   Fibronectin 
Fz   Frizzel  
GFP   Green fluorescent protein 
Gly   Glycin 
h   hours 
Hepes   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
hpf   Hours post-fertilization 
Hyb+   Hybridization solution 
IgG   Immunoglobulin G 
LB   Lysogeny broth (Luria broth, Luria Bertani broth) 
LDM   Liquid droplet model 
LMP   Low melting point agarose 
Lyn   Membrane tag sequence of Lyn-Kinase 
min   Minutes 
MO   Morpholino oligonucleotide 
mRNA   messenger RNA 
MAB   Maleic acid buffer 
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MAD   Median absolute deviation 
MeOH   Methanol 
MSD   Mean squared displacement 
MW   Molecular weight 
MZ   Maternal and zygotic mutant  
n   Number 
NA   Numerical aperture  
NGS   Normal goat serum 
Oep   One-eyed pinhead 
p   Probability value (Student’s test) 
PAPC   Paraxial Protocadherin C 
PBS   Phosphate buffered saline 
PCP   Planar cell polarity 
PCR   Polymerase chain reaction 
PFA   Paraformaldheyde 
Pfu   Pyrococcus furiosus 
PKC   Proyein kinase C 
r   Radius 
R   Pearson’s rank correlation coefficient 
RFP   Red fluorescent protein 
RNA   Ribonucleic acid 
RNase   Ribonuclease 
rpm   Revolutions per minute 
RT   Room temperature 
SCFS   Single cell force spectroscope 
sec   seconds  
SDS   Sodium dodecyl sulfate 
SEM   Standard error of the mean 
SOC   Super optimal broth with catabolite represion 
SSC   Sodium chloride solution supplemented with citrate 
t   Time 
ABBREVIATIONS 
 
141 
TAE   Tris acetate EDTA 
Taq   Thermus aquaticus 
Tb   Tail bud stage developmental stage of zebrafish 
TBE   Tris borate EDTA 
TBS   Tris bufferd saline 
Tc   Cell cortex tension 
TGF   Transforming (tumor) growth factor 
TRITC   Tetramethylrhodamine isothiocyanate 
UTR   Untranslated region of messenger RNA 
UV   Ultraviolet light 
V   Ventral 
VG   Vegetal pole 
Wnt   Wg (wingless) and Int pathway 
w/o   without 
Wt   Wild type 
YFP   Yellow fluorescent protein 
YSL   Yolk syncytial layer 
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